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EDITORIAL 


Here is the first issue of Physical Review Letters. We hope that it will gain the approval of authors 


and readers. Speed of publication is achieved at the expense of printing elegance. We believe, however, 
that this does not reduce the clarity and ease of reading, even though the number of symbols available 


in this type of reproduction is much more limited than in letterpress printing. 


To maintain the high speed and high standards, only Letters which really deserve rapid publication 


should be submitted. Since there is little time or none at all for refereeing, most of the decisions for 


acceptance and for minor alterations will have to be made in the Editor’s office. We shall do our best 
to make as few mistakes as possible but for this we require the cooperation of authors and an under- 


standing on their part of the many problems facing a journal of this type. 
Physical Review Letters is an experiment. This first issue is triple size, it contains the Letters which 


formerly would have appeared in three consecutive issues of The Physical Review. We intend to make 


changes and improvements in the course of time. But if we fail we can return to the old “Letters to the 


Editor” column in The Physical Review. 


S. A. Goudsmit 


As the Managing Editor has noted, the rapid publication schedule of Physical Review Letters reduces 
to a minimum the time available for editing. In the past, it has been possible to make in galley minor 
changes.of errors noticed either by the author or inthe editorial offices, the latter frequently after 


consultation with the author. With the method of reproduction adopted for this journal, however, such 
a luxury is not possible. Material leaves the editorial offices in the form in which it will appear in 


print. Thus it becomes imperative for authors to exercise extreme care in the preparation of manu- 


scripts. For guidance in this respect, there appears on the inside front cover of this issue a page of 


Information for Contributors. This and the American Institute of Physics Style Manual should be close- 


ly followed. We remark, in addition, that typographical errors are to be assiduously avoided. 
Moreover, it should be noted that speed without effectiveness is useless; this is especially cogent in 


regard to Abstracts. In this connection, we can do no better than to quote from the Information for Con- 


tributors to The Physical Review: 
“An abstract....should be adequate as an index andasa summary. Asan index, it should give all 


subjects, major and minor, concerning which new information is presented. As a summary, it should 


give the conclusions of the article and all numerical results of general interest.” 
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Lastly, attention must be drawn to the fact that the method of reproduction creates problems in re- 
gard to notation. The method involves photographic reproduction of typed material. Thus it will be reas- 
onably easy to “decorate” a given symbol with various distinguishing marks. But in view of the fact that 
there is a tendency (a natural and desirable one) for notation established in one communication to be 
carried over into subsequent work, the Editor will vigorously resist the use in Letters of notation which 
will present difficulties if used in Articles. 

In fact, the method is a sword which cuts both ways, as the typewriter is a much less complex and 
therefore less flexible instrument than a Monotype machine. Essentially, it has only one font, symbols 
not inthat font can be inserted, but only by means of processes whichare more or less cumbersome and 
more or less unsatisfactory.Developments are in progress which are expected to loosen this restriction 
somewhat in the near future, but for the present we are bound by it. Specifically, the following condi- 
tions are imposed: (1) Numerical subscripts and superscripts will cause no difficulty, but literal sub- 


scripts and superscripts will already looka bit awkward, and subscripts and superscripts of subscripts 
and superscripts should be avoided. (2) Boldface characters must be reserved for (three-dimensional) 
vector quantities, as they will be denoted by arrows; boldface italic will not be available. (3) Alphabets 


other than Latin and Greek should be avoided. 
Authors who fail to use judgment and/or ingenuity in these matters before submitting a paper may be 
required to do so after acceptance of the paper, with resultant delay. 
George L. Trigg 
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MAGNETIZATION IN SINGLE CRYSTALS OF 
SOME RARE-EARTH ORTHOFERRITES 


R.M. Bozorth, Vivian Kramer, and J.P. Remeika 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received May 27, 1958). 


Single crystals of the rare -earth orthoferrites 
(MFeO,) have been prepared’ and their magnetic 
properties measured from room temperature to 
1.3°K, for M=Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, and Lu. All of these have a “parasitic” spon - 
taneous moment’ of about 0.05 Bohr magneton per 
molecule at room temperature. However, we 
find that in HoFeO,, for example, this moment 
increases rapidly at lower temperatures to 
about 3 Bohr units so that it can no longer be 
properly termed parasitic. Figure 1 shows the 
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FIG. 1. Spontaneous magnetization and its di- 
rection as dependent on temperature, for a num- 
ber of rare-earth orthoferrites. 


spontaneous moment per gram, o,, of most of the 
crystals examined. These results are obtained 


by extrapolation of the straight line o=0,+yH to 
H=0. 

At any given temperature, the direction of o, 
is along either the [001] or the [100] orthorhom- 
bic axis.® All of the crystals measured, except 
SmFeO,, have g, || [001] at room temperature, 
and ErFeO, and HoFeO, show a change to [100] 
in the neighborhood of 60-80°K; in YbFeO, the 
change occurs at about 8°K as shown in Fig. 2. 
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FIG. 2. Disappearance of o, ||[001] in YbFeO, 


below 8°K. It is then ||[100] and rises to 19 per 
gram (about 0.9 8 per molecule) at 1.3°K. 


In DyFeO, o, disappears on cooling at about 30°K. 

The crystals that show a distinct rise in the 
magnitude of o, at low temperatures are those 
that possess a net orbital moment: Ho, Er, Dy, 
and Yb orthoferrites; those that show no appre - 
ciable increase are Gd, Lu, and Eu. This sug- 
gests that interaction with the 4f orbitals is of 
primary importance in determining the direct- 
ions of spin. 
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In high fields and low temperatures (12 500 oe, 
1.3°K), the direction of greatest magnetization 
in HoFeO, is || [010], whereas o, || [100]. Appar - 
ently the spins which have a resultant spontan- 
eous magnetization || [100] can be rotated most 
completely at right angles into the [010] direct- 
ion. Magnetization of 4.5 Bohr magnetons is then 
attained, although o, is only 3.0. In low fields 
(+1000 oe), the measured susceptibility is lowest 
in the [001] direction, but the susceptibilities || 
[001] and || [010] both appear to approach zero at 
0°K. The direction of the actual spins of the Ho 
ions is therefore not determined by the magnetic 
data; it is difficult to separate the two effects of 
spin direction and crystal anisotropy. 

In ErFeO, at 1.3°K and 12500 oe, the magnet- 
ization attains 5.7 Bohr units when magnetized || 
[001], whereas at 4° o, |I[100] and is only 0.4 
Bohr unit and becomes less at lower temperat- 
ures. In low fields the susceptibility is again low 
in both the [001] and[010] directions. 

In TbFeO,, the spontaneous magnetization at 
4°K is 2 Bohr units || [100]. The magnetization 
attains its highest value in this direction, not at 
90° thereto as in HoFeO, and ErFeO,, and is 5.2 
Bohr units at 12500 oe . 

In high fields and low temperatures, the crys- 
tal anisotropies in HoFeO, and ErFeO,, for 
example, are quite high as compared with that 
in GdFeO,; the latter is almost isotropic when 
measured in fields of 10000 oe, below 100°K. 
This is to be expected if the anisotropy origin- 
ates in spin-orbit coupling. 

In DyFeO, at 1.3°K, the form of the magnetiza- 
tion curves in the [100] and [010] directions is 
S-shaped with the steep rise in magnetization at 
about 7000 oe, the curve reaching to 7 Bohr units 
at 12500 oe. Since we observe no spontaneous 
magnetization at this temperature, it is conclud- 
ed that in zero applied field the spins are accur- 
ately antiferromagnetic, and are pulled from 
their original positions when a threshold field is 
applied at right angles. 

We are indebted to Dr. W. C. Koehler for dis- 
cussion of the results and to Mr. A. J. Williams 
for assistance with the measurements. 


1J. P. Remeika, J. Am. Chem, Soc. 78, 4259 
(1956). 

2H. Forestier and G. Guiot-Guillain, Compt. 
rend. 230, 1844 (1950); R. Pauthenet, Compt. 
rend, 242, 1859 (1956); Bozorth, Williams, and 
Walsh, Phys. Rev. 108, 157 (1957). 

’The structure has been described by S. Geller, 
J. Chem. Phys. 24, 1236 (1956). 


THERMAL EFFECTS OF THE MARTENSITIC 
TRANSITION IN SODIUM 
Douglas L. Martin 
Division of Pure Physics, 
National Research Council, 
Ottawa, Canada 
(Received May 21, 1958). 


From metallographic’ and x-ray’ examination 
Barrett has deduced the existence of a marten- 
sitic transition in sodium. It appears that at 
temperatures below about 36°K, the body center- 
ed cubic lattice begins to change to a close pack- 
ed hexagonal structure with stacking faults’. The 
proportion of close packed hexagonal lattice in- 
creases as the temperature is lowered (to per- 
haps about 5% at 4°K'»?). 

Specific heat measurements have been made by 
the method of continuous heating using a modif- 
ied form of the adiabatic apparatus described by 
Dauphinee et al.* The experimental runs were 
made in the following sequence. 

(a) Sodium sample cooled to 40°K and specific 
heat measurements made to 98°K. 

(b) Sample cooled to 40K and measurements 
taken up to 100°K. 

(c) Sample cooled to 2°K and measurements 
then made from about 20°K to 109°K. 

(d) Sample cooled to 20°K and measurements 
made up to 92°K. 

Finally, 

(e) sample cooled to 40°K and measurements 
made to 84°K. 

The cryostat was maintained at liquid nitrogen 
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FIG. 1. Specific heat of sodium. 


| 
5 
d 
/ 
/ 
i 
3 
40° 50 60 70 80 90 
°K 


VOLUME 1, NUMBER 1 


PHYSICAL REVIEW LETTERS 


Jury 1, 1958 


temperatures between runs. On the accompany- 
ing diagram, experimental points are omitted for 
clarity. The results of runs (a), (b), and (e) are 
indicated by the continuous line; that of (c) dev - 
iates as shown by the dashed line and that of (d) 
as shown by the dotted line. The position of these 
anomalies corresponds well to the temperature 
range over which reversion to the bcc form was 
observed by Barrett'»*. The excess energy ab- 
sorbed on heating after the cooling to 2°K is 
about 4 cal/g atom and that after cooling to 20°K 
is about 1 cal/g atom. In the present apparatus 
it does not appear possible to make a direct 
measurement of the proportion of sodium trans- 
formed, but if (following Barrett) a figure of 5% 
after cooling to 2°K is taken, then the energy in- 
volved in the transition is about 100 cal/g atom. 
This work on sodium is proceeding and will be 
extended to the examination of a similar transi- 
tion in lithium?,?. A full account will be published 
later. 


'C. S. Barrett, J. Inst. Metals 74, 43 (1955). 

*C. S. Barrett, Acta Cryst. 9, 671, (1956). 

’Dauphinee, MacDonald and Preston-Thomas, 
Proc. Roy. Soc. (London) A221, 267, (1954). 


PARAMAGNETIC CENTERS AS DETECTORS 
OF ULTRASONIC RADIATION AT 
MICROWAVE FREQUENCIES* 

C. Kittel 
Department of Physics, University of California, 
Berkeley, California 
(Received May 26, 1958) 


' Recent experiments on the effect of ultrasonic 
radiation on nuclear quadrupole transitions in 
solids and on the effect of phonon coupling with 
the helium bath on spin-lattice relaxation in 
paramagnetic crystals suggest that it may be 
possible to detect and to study microwave pho- 
nons' by observing their effect on the saturation 
of an electron spin resonance line. We are in- 
terested here principally in the detection of 
microwave phonons generated by an electrome- 
chanical or magnetomechanical transducer. The 
transducer might utilize, for example, the pie- 
zoelectric effect in quartz, the force on a cur- 
rent-carrying conductor,” the magnetostrictive 
effect in a ferrite, or driven paramagnetic di- 
rect relaxation. If the transmitter is linear and 
is driven by monochromatic electromagnetic 
radiation at the frequencyw,, the acoustic output 
in the steady state will also be at precisely wp, 
apart from the nonlinear interactions of the out- 


put phonons among themselves and with the back- 
ground of thermal phonons in the crystal. 

The proposed detector consists of paramag- 
netic centers in the field H, such that the spin 
resonance frequency is also w,; the detector is 
screened appropriately so that no direct electro- 
magnetic radiation reaches it from the trans- 
mitter. The detector is operated near electro- 
magnetic saturation of the spin resonance line, 
and the phonons w, reaching the detector are 
detected by the change in the saturation level of 
the resonance line. The paramagnetic centers 
may be produced near one end of the nonmagnetic 
transmission medium by impurity doping (as 
with P in Si or Ni in ZnSiF,-6H,0) or by localized 
radiation damage (as with y rays in quartz), or 
else a paramagnetic circuit element may be 
bonded to the crystal in which the ultrasonic 
transmission takes place. High-sensitivity mag- 
netic resonance detection methods may be em- 
ployed if the ultrasonic frequency is modulated. 

The quantitative aspects of the proposal are 
easily estimated. We consider a representative 
coupling term = GS,xS7zexz in the Hamiltonian, 
where § is the spin {in units HK) of a center, G is 
the coupling constant, and exz is a strain com- 
ponent. For Kw << kT the interaction ic’ leads to 
the direct spin-lattice relaxation time (on the 
assumption of a thermal equilibrium distribu- 
tion of phonons) 


(1) 


= 10" IG|*T sec”, (2) 


where T is in deg K; w=10" sec”; g/cm’ 
and the velocity of sound v,~ 410°cm/sec. We 
estimate from Eq. (2) what G would have to be 
in order that TT, ~10~° deg-sec, just as an ex- 
ample, and find G ~ 3x10~“* erg. This value is 
not incompatible with the magnetoelastic coup- 
ling constants of ferromagnetic materials.* 

We next consider the rate at which transitions 
are induced by a source of monochromatic pho- 
nons. If AN = N, - N, is the excess spin popula- 
tion, the total transition rate is 


dAN __ (AN - AN,) | WAN , (3) 
dt 

where AN, is the population difference in ther- 
mal equilibrium and W = (27/K) |G|?e,,? (T,/X) 
is the phonon-induced transition rate at the cen- 
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ter of the spin resonance line; T, is the spin- 
spin relaxation time. In the steady state 


— 


so that saturation effects are important when 


= . (5) 


If we set T, ~10~° sec, T, ~10~ sec, |G/?~10~’ 
erg’, we have ex, ~3x10~*, corresponding to a 
phonon energy flux of about 0.1 pwatt/cm*. The 
photon energy flux required for saturation is 
also ~ 0.1 watt/cm?, but in an actual experiment 
this will be reduced by the Q of the cavity. We 
note from Eq. (1) that T,!G/? in Eq. (5) is rela- 
tively insensitive to the precise nature of the 
paramagnetic center. The ultimate sensitivity 
is determined by the sensitivity to saturation 
changes; if 10~* of saturation can be detected, 
one can detect a phonon flux ~ 10+ pwatt/cm?. 

I am indebted to C. H. Townes, R. Truell, 
and K. M. Watson for helpful discussions. 


*This research was supported in part by the 
Office of Naval Research, the Signal Corps, the 
Air Force Office of Scientific Research, and the 
National Security Agency. 


*Some of the difficulties in detecting micro- 
wave phonons are discussed by C. Kittel, J. 
Acoust. Soc. Am. 21, 308 (1949). 

?Private communications from J. K. Galt, J. 
R. Pellam, and E. M. Purcell. 

5See, for example, N. Tsuya, Science Repts. 
Ritu B8, 161 (1957), who deduces from experi- 
mental magnetostrictive measurements values 
of G ~ 107" to 107** erg for various ferrites. 


SPIN-LATTICE RELAXATION 
RESONANCES IN SOLIDS* 


H. S. Gutowsky and D. E. Woessnert 
Noyes Chemical Laboratory, 
University of Illinois 
Urbana, Illinois 
(Received June 2, 1958) 


This letter discusses a spin-lattice relaxa- 
tion mechanism, which has some novel features, 
and describes preliminary experiments’ which 
suggest the importance of the mechanism in 
certain cases. Possible applications of the 
mechanism to spin-echo storage memories and 
to masers are outlined. 


If the lattice motions producing spin-lattice 
relaxation are random and thus have a Debye 
spectral density distribution with a correlation 
time T,, the dependence of T, upon the nuclear 
resonance frequency w has the form? 


(1/T,) (1) 


Major deviations from Eq. (1) are possible in 
situations such as the following. Consider a 
single crystal containing two nuclear species, 
one with I = $, and the second with I>} and sub- 
ject to an electric field gradient. The arguments 
are general but we will assume the first species 
to be protons and the second, Cl** for which I = 
3/2. Ina static magnetic field, H,, the two pro- 
ton levels are separated by y,MH,. On the other 
hand, the chlorine nuclei have four levels which 
arise from the Zeeman splitting® of the doubly 
degenerate pure quadrupole levels, E,,°. For 
an axially symmetric field gradient, the levels 
are given to first order in H, as 


+my, KH, (I+ 


1/2 


+ cos*6] m=}, 


where 
E ] [3m? - I(I+1) . (3) 


Thus, the separations of the chlorine levels de- 
pend on the quadrupole coupling, e*qQ, on H,, 
and also on the angle @ between H, and the sym- 
metry axis of the field gradient. 

Because of the different factors governing the 
energy levels for protons and chlorine nuclei it 
is possible to find cases where, by adjusting 6 
and H,, the proton resonance frequency can be 


brought into coincidence with a chlorine transi- 
tion. While this “resonance” condition is satis- 
fied, proton-chlorine spin exchange can occur. 
Usually, the quadrupolar coupling of nuclear 
spins with the lattice is much stronger than mag- 
netic coupling. Therefore the spin exchange, 
which transfers energy between protons and 
thence to the lattice, can reduce the proton T, by 
as much as several orders of magnitude. 

A schematic representation of the two sets of 
levels and their dependence on H, is given in 
Fig. 1. Two simple types of experiment can be 
performed to characterize the relaxation me- 
chanism. With a single crystal in a given orien- 
tation, the proton T, may be observed as a func- 
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FIG. 1. A schematic representation of the 
proton and Cl** energy levels, as a function of 
applied magnetic field, for a single crystal ina 
given orientation. Spin exchange occurs between 
the proton levels and the +3/2, -1/2’ C1™ levels 
when H, = H,, as shown by the solid arrows. 
The populations of both of these pairs of levels 
can be inverted at H, = H, by saturating the Cl* 
-3/2~-1/2’ transition, shown by the dashed 
lines. 


tion of H, and thus of w. We should find the slow 
change in T, predicted by Eq. (1) and depending 
upon @ and E,,,° there will be up to four very 
sharp deep minima‘ corresponding to the four 
high-frequency Cl** transitions shown in Fig. 1. 
Or H, could be kept constant and T, plotted ver- 
sus 6, obtaining minima much as before. The 
decrease in the proton T, will depend upon the 
distances between protons and C1* nuclei, and 
also upon angular factors determining the spin 
exchange probabilities.° The limiting value for 
the proton T, will, of course, be approximately 
the value of T, for Cl. 

Experiments demonstrating the existence of 
the above mechanism were performed on solid 
p-dichlorobenzene and p-bromochlorobenzene at 
room temperature using rf pulse apparatus.® 
The normal proton T, in these samples is 10* 
sec while T, for Cl** is about 2x10™* sec. Ata 
given time only a small fraction of the molecules 
in the polycrystalline samples used can have 
orientations such that a chlorine transition coin- 
cides with the proton frequency. However, by 
rotating the sample in H, during the proton re- 
laxation experiment, most of the protons can be 
brought into resonance with chlorines and relax 
by spin exchange. It was found that rotation of 
the cylindrical samples at 30 rpm decreased 
the proton T, to values as short as 2.5 sec, de- 
pending upon the proton frequency. The ob- 


served dependence of T, uponfrequency is complex 
because of the polycrystalline samples, the pre- 
sence of Cl°’ as well as of Cl**, and the rota- 
tional averaging. It is significant that the rota- 
tional effect was not found at proton frequencies 
below 23.22 Mc/sec. This is the lowest fre- 
quency at which a chlorine transition (C1%’) can 
coincide with the proton frequency, as calcula- 
ted with Eq. (2) using the C1°” pure quadrupole 
resonance frequency of 27.00 Mc/sec. 

It appears that this relaxation mechanism 
may prove useful in two types of application. 
Anderson et al.” showed that spin echoes can be 
used as a serial-storage memory device. How- 
ever, the T, of the sample determines the sto- 
rage time as well as erasure, and in their ex- 
periments they could only pre-set T, over a 
limited range by selecting the sample. It now 
appears possible to adjust the T, and the storage 
time over a very wide range simply by varying 
H, or @ for a properly chosen single crystal. 
Erasure can be accomplished at any time by ad- 
justing H, or 6 momentarily to optimize the re- 
sonance relaxation. Moreover, the control and 
adjustment operations can be performed with 
simple electrical circuits. 

The second possible application concerns pro- 
posals®»® made for three-level nuclear quadru- 
pole rf masers. Unfortunately, such devices are 
on the borderline of feasibility because the power 
available is proportional to 7, and yq is rela- 
tively small for quadrupolar nuclei. However, 
suppose the operating frequency represents a 
transition between levels which can undergo spin 
exchange with proton magnetic levels. Inversion 
of the populations of the quadrupole levels is 
transmitted thereby to the proton levels and both 
sets of levels contribute to the stimulated emis- 
sion. Thereby the power available may be in- 
creased by a factor up to (yq/ ¥Q”" which is be- 
tween 20 and 100 depending on the nuclear spe- 
cies involved. This situation is shown schema- 
tically in Fig. 1. 


“This research was supported in part by the 
National Science Foundation and by the Office of 
Naval Research. 

tEsso Research Company Postdoctoral Fel- 
low in Chemistry. 


*A report of more detailed studies will be 
submitted by D. E. Woessner and H. S. Gutowsky 
to J. Chem. Phys. 
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INSTABILITY, TURBULENCE, AND 
CONDUCTIVITY IN CURRENT-CARRYING 
PLASMA 
O. Buneman 
Stanford Electronics Laboratories, 
Stanford University, Stanford, California 
(Received June 2, 1958) 


In fully ionized plasma, close (large-angle) 
collisions between particles in appreciable re- 
lative motion are rare. However, collective 
Coulomb interactions (i.e., small-angle colli- 
sions) cause instabilities which grow so rapidly 
that relative motions of ions and electrons, i.e., 
currents, are continually damped down by con- 


Bu-wye -1.5 -1.0 
Rew 0.05 0.09 0.15 
Imw 0.48 0.54 0.60 


All quantities in the table are in units of wp;?/* 
Xwpe” The growth rate, Imw =(Wpi’wpecos 
x sind. maximizes at@=7/3, where Bu =wpe. 

For hydrogen, wpe= 43 Wp; and the shortest 
e-folding times of fluctuation amplitudes are 
18Wpe- (Multiply by A’ for ions of mass num- 
ber A.) The wavelength is then the distance trav- 
eled by the electrons during one electron-plasma 
period. But appreciable growth occurs over a 
band of wavelengths 20% longer to 10% shorter 
(for hydrogen). Exponential rise is accompanied 
by very little oscillation (small Rew). Energy 
doubles in just about one electron plasma per- 
iod. The growth rate is independent of u, but 


version of directed energy into (random) fluctua- 
tion energy. 

The growth mechanism is the familiar '~* 
two-stream amplification. For initially station- 
ary ions of uniform charge density p [ plasma 
frequency wp; = (ep/Me/,)'/4] traversed by 
electrons charge density -p, plasma frequency 
Wpe =(ep /m €,)'/?] with velocity u, the (real) 
wavelength 27/8 of fluctuations and their (poss- 
ibly complex) frequency w obey the dispersion 
formula 


+Wpe Bu -w*) =1, 


[A fluctuation Coulomb field E creates ion ve- 
locities e E/iwM and, by virtue of continuity, 
ion charge density fluctuations -(p/iw) V'e E/ 
iwM =€, Similarly the electrons 
contribute charge density fluctuations 
Wpe /(Bu-wY, encountering the fluctuations at 
the Doppler-shifted frequency Su -w. Poisson’s 
equation furnishes the dispersion law. ] 27/8 is 
measured along the electron flow; transverse 
wavelengths are irrelevant. 

Exploring the likely range wpj << |w|<<w 
for possible complex w= |w| exp(i9), one equates 
first the imaginary parts in the approximation 


Bu/wpe w/Wpe 1 + Wpj’/2u?, 


giving |w/* = i “pe cos 6. Then, from the 
range 0<@<7/2 and the real part one deduces 
the following table. 


-0.5 0 0.5 1.0 1.5 
0.25 0.40 0.58 0.78 1.00 
0.66 0.69 0.66 0.51 0 


our arguments imply that u exceeds random 
electron velocities. 

If a field is briefly applied to a plasma in 
thermal equilibrium, accelerating electrons to 
energy eV within an interval shorter than a 
plasma period, initial thermal energy eV, of 
plasma oscillation within the relevant wave- 
length band will amplify sufficiently to destroy 
the directed electron motion in about log,(V/V,) 
electron-plasma periods (probably 10-20 for 
typical cases). 

When a quasi-steady current is maintained by 
a lasting applied field E, fluctuations will never 
be allowed to drop appreciably below the level 
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of the mean dc electron velocity: they are re- 
stored with a relaxation time of a few plasma 
periods. The plasma is turbulent and far from 
neutral, electric fields other than E are con- 
tinually excited. Electron motion is damped be- 
cause electrons and ions collide in bunches 


where K is perhaps 10. 

With the appropriate collision term in the 
equation of motion of the electrons, their mean 
velocity u becomes steady when 


MWpell /K =eE, 


giving a current density pu =KepE/mwpe = 
K €,Wpe E and a real conductivity Kewpe. This 
is of the order of mhos per meter for a density 
10” per cc, much smaller than typical conduc- 
tivities calculated from individual collisions 
(see Spitzer*). It applies at low frequencies 
(less than wpe/K) only. 

Radiation from bunches of charge accelera- 
ted bythe two-stream mechanism is more in- 


Boundary conditions permitting, it may account 
for noise received from ionized media. Hoyle® 
describes qualitatively a mechanism for noise 
production by interestreaming charges. 

The mechanism may wreck some ambitious 
schemes for channeling electrons through ions 
or vice versa” ® and it is of value in thermo- 
nuclear work where rapid heating is both de- 
sired and observed.® It may be the answer to 
the Langmuir paradox (see Gabor et al.'°), and 
the rapid growth of collective instabilities, 
compared with the poor interaction through 
close collisions, would suggest that coarse- 
grained turbulence (rather than micro-random- 
ness of particle motion) is the closest one can 
get toa “thermo”-nuclear regime. 
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System Tech,J. 28, 33 (1949). 

A. V. Haeff, Proc. Inst. Radio Engrs. 37, 4 
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Pion Physics, Geneva, 1956 (European Organ- 


rather than individually. The collision frequency 
is the inverse of the relaxation time, say wpe/K 


tense than Bremsstrahlung (owing to coherence). 


ization of Nuclear Research, Geneva, 1956), 
Vol. 1. 
°W. H. Bennett, Phys. Rev. 98, 1584 (1955). 
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ENERGY vs MOMENTUM RELATION FOR THE 
EXCITATIONS IN LIQUID HELIUM* 


J. L. Yarnell, G. P. Arnold, P. J. Bendt, 
and E. C. Kerr 
Los Alamos Scientific Laboratory, 
University of California, 
Los Alamos, New Mexico 
(Received March 20, 1958) 


Cohen and Feynman’ have pointed out that the 
elementary excitations in liquid helium may be 
studied by scattering monoenergetic cold neu- 
trons from the liquid. At temperatures below 
2°K, the most important scattering process is 
that in which the neutron creates a single exci- 
tation in the liquid. In this case, the energy and 
momentum of the excitation are given by the 
change of energy and momentum suffered by the 
neutron in the scattering. 

Thermal neutrons which have been passed 
through a polycrystalline filter may be used in- 
stead of monoenergetic neutrons in this experi- 
ment. In this case, the sharp cutoff in the neu- 
tron spectrum transmitted by the filter serves 
as an energy marker. If the predominant scat- 
tering process is the creation of a single exci- 
tation, the energy spectrum of the scattered 
neutrons should also possess a sharp cutoff, but 
at a lower energy. 

Palevsky, Otnes, Larsson, Pauli, and Sted- 
man? have done an experiment of this type. They 
find that at a helium temperature of 1.4°K, the 
shape of the cutoff is preserved in the scattered 
beam. At 4.2°K, no indication of a sharp cutoff 
is seen in the scattered beam. This indicates 
that the scattering process proposed by Cohen 
and Feynman is essentially correct. These au- 
thors have obtained a number of points on the 
energy-momentum curve for the excitations. 

This note is to report preliminary results of 
a similar experiment in progress at Los Alamos. 
A beam of thermal neutrons from the Los Ala- 
mos Omega West Reactor was filtered through 
16 in. of beryllium, and allowed to strike a tar- 
get of liquid helium 10 in. in diameter and 3 in. 
high. The energy spectrum of neutrons scat- 
tered through an angle 6 was measured with a 
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FIG.1. Energy vs momentum for the excita- 
tions in liquid helium. The dotted portion of the 
curve corresponds to a first sound velocity of 
240 m/sec. The minimum in the “roton” region 
occurs at k = 1.93 + 0.04 Am, E(k) =8.6+0.2°K. 


crystal spectrometer. Results obtained to date 
are given in Table I, and are plotted in Fig. 1. 
The theories of Landau,* Feynman and Cohen¢ 
and Brueckner and Sawada’® all predict an excita- 
tion spectrum which first rises linearly from the 
origin with slope equal to the velocity of first 
sound (phonon region), then passes through a 


maximum, next a minimum (roton region), and 
then rises again. The experimental points fall 
on a curve of this general type. The following 
comments apply to the experimental results. 
(1) Although not much data was obtained in 


the phonon region, the following comparison may 
be made. A straight line joining the origin and 
the first measured point has a slope correspond- 
ing to a sound velocity of 240 + 20 m/sec. Re- 
cent measurements*® of the velocity of first sound 
in helium give a value of 237 m/sec. 

(2) The maximum in the excitation spectrum 
occurs at k = 1.10+0.04 A, E(k) = 13.84+0.2°K. 
The spectrum appears to be quite symmetric 
about the maximum. 

(3) The minimum in the spectrum occurs at 
k = 1.93 + 0.04. A~?, E(k) = 8.6+0.2°K. The spec- 
trum is not symmetric about the minimum. 

(4) At wave numbers greater than 2.3 A-', 
the cutoff in the scattered neutron spectrum be- 
comes progressively more smeared out. This 
effect is expected theoretically, since in regions 
where the slope of the excitation curve exceeds 
the slope of the phonon branch, the excitations 
are unstable with respect to breakup into a pho- 
non and an excitation closer to the minimum of 
the curve. The smearing of the cutoff is thought 
to result from the shortened lifetime of these 
excitations. 

We plan to make additional measurements in 
the region of the minimum and at high wave num- 
bers. We also intend to look for possible varia- 
tion of the shape of the spectrum with the tem- 
perature of the helium target. Calculations of 
the specific heat, normal fluid density, and 
second sound velocity from the experimentally 
determined excitation spectrum are in progress. 


Table I. Excitation spectrum of liquid helium. Momenta are ex- 
pressed in terms of wave numbers k, where p-hk. Ener- 
gies have been divided by Boltzmann’s constant. 


Helium 
Scattering temperature 
angle (in °K) 


Wave Excitation 


number energy 
(in AW) (in °K) 


20° 1.14 + 0.03 


0.55 + 0.03 10.0 + 0.30 


25° 
30° 
40° 
50° 
60° 
70° 
75° 
80° 
90° 
95° 
100° 
105° 


1.14 + 0.03 
1.17 + 0.05 
1.13 + 0.02 
1.15 + 0.03 
1.14 + 0.02 
1.14 + 0.02 
1.13 + 0.01 
1.13 + 0.01 
1.40 + 0.04 
1.20 + 0.03 
1.22 + 0.01 
1.48 + 0.05 


0.67 + 0.03 
0.80 + 0.02 
1.04 + 0.02 
1.28 + 0.02 
1.52 + 0.02 
1.76 + 0.02 


1.87 + 0.02 


1.97 + 0.02 
2.15 + 0.02 
2.22 + 0.02 
2.30 + 0.02 
2.36 + 0.02 


11.73 + 0.25 
12.83 + 0.20 
13.75 + 0.15 
13.62 + 0.15 
11.90 + 0.15 

9.57 + 0.15 

8.79 + 0.15 

8.65 + 0.15 
10.63 + 0.15 
12.05 + 0.15 
13.35 + 0.15 
14.4 + 0.20 


18 
16 
14 o—. / 
= / ° 
~10 ° —4 
=8 / 
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OBSERVATION OF UNPOLARIZED A’s 
PRODUCED BY 1.5-Bev 7~ INTERACTIONS 
IN Pb, Fe, AND CT 


Theodore Bowen, Judson Hardy, Jr., George T. 
Reynolds, Guido Tagliaferri, * and 
Albert E. Werbrouck 
Palmer Physical Laboratory, 
Princeton University, Princeton, New Jersey 
and 
William H. Moore 
Brookhaven National Laboratory, Upton, New York 
(Received June 4, 1958). 


Bubble chamber groups at the Cosmotron’ and 
at the Bevatron’ have observed an “up-down” 
asymmetry in the decay of A’s produced by the 
reaction 7~ + p+A+6°, This note reports the 
search for asymmetries among 138 A events 
produced by interactions of 1.5-Bev 7” mesons 
in lead, iron, and carbon. 

The A events were obtained in a multtplate 
cloud chamber in a 1.5-Bev 7~ beam at the 
Cosmotron’, The chamber illuminated volume 
was 29 in. X 29 in. x 10 in. Plate assemblies 
with iron, lead, and mixed lead and carbon 
plates were used; all plates were din. thick. The 
m~ kinetic energy spectrum at the cloud chamb- 
er was peaked at 1.5 Bev with an estimated half- 
width at half-maximum of 0.2 Bev. The first 
step in the identification of a V° was the location 
of a beam-particle interaction coplanar with the 
plane of the V° secondaries. From the space 
angles of the secondaries with respect to the 
line of flight of the V°, the observed ranges of 
the secondaries, and the ionizations obtained by 
visual comparison with neighboring beam tracks, 


138 V° events could be definitely identified as A 
hyperons, and 27 events were consistent with 
either a A or 6°. In every case there was only 
one possible choice for the proton secondary 
consistent with a A interpretation so that the 
proton was identified. 


The description of these decays follows the 
procedure suggested by Lee et al.* The polar- 
ization axis was taken as Pj <P,, where P; 
= laboratory momentum of the incident 7~ and 
P, = laboratory momentum of the A. 


The distribution of the pseudoscalar cos 6 = 
(Pj x Pa! |Py was examined, 
where P_ *= momentum of the 7” secondary in 
the center-of-mass system of the A. If the A is 
polarized in production and parity is not con- 
served in the decay, the angular distribution of 
the decay pion for a A spin of 2 is [1+Pa cosé], 


where P= polarization of the A at production 
(|P|< 1) and @ = decay asymmetry coefficient 
for fully polarized A’s( |a! <1). 

Of the 138 A’s,there were 91 produced in lead, 
32 in carbon, and 15 in iron. The events in lead 
gave Pa =(3/N) >> cos@; +(3/N) ¥? =0.00 +0.18, 
where P is the average of P over the production 
solid angle for the sample. A chi-squared test 
shows less than a 4% chance that these are 
sampled from the population observed by the 
bubble chamber groups at the Cosmotron who 
obtained an average’ Pa=0.40+0.11 for the beam 
7 ~ kinetic energy range 0.9-1.3 Bev. (The bubble 
chamber group at the Bevatron’ obtained a value 
Pa=0.44+0.11 at 0.99 Bev.) Of the events pro - 
duced in carbon, 17 were up and 15 down (up= 
positive cos#; down = negative cos@); the events 
in iron yielded 8 up and 7 down. Thus, the A’s 
observed in this experiment appear to be largely 
unpolarized. 

Division of the lead events according to the 
laboratory production angle ¢ showed no asym- 
metry (35 up, 35 down) for those events with 
0 <?<53°, Of those lead events with 53°<$<90°, 
there were 10 up and 4 down giving some indica - 
tion of asymmetry. (There is less than a 10% 
chance that this is a fluctuation from a symmet- 
rical binomial distribution.) In addition, how- 
ever, seven of the A’s traveled backward in the 
laboratory, and all these events were down. 

An attempt was made to select those events 
kinematically consistent with the simple inter- 
action 7~+p +A+0° (a kinematic energy 1.5 Bev; 
target proton at rest). From the laboratory mo- 
mentum of the A, its angle of emission ¢ was 
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predicted. An event was classified as simple if 
the observed ¢ was within 10° of the predicted 
value, which allows for the Fermi momentum 
of the target proton, and if the production event 
showed no charged secondaries. There resulted 
a small sample which showed no asymmetry 
(10 up, 12 down). 

The A events showed no correlation between 
cosé and observation probability; nor was there 
a correlation with quality of identification. The 
events which could be either A or 6°, if inter - 
preted as A (the proton being identifiable in all 
cases), showed no asymmetry (13 up, 14 down). 
The A’s gave a mean life in agreement with the 
value (2.8+0.2) x 107'° sec obtained by the Col- 
umbia bubble chamber group.® 

One source of depolarization of these A’s isa 
possible decrease of P with increasing energy 
of the incident 7 ~. The bubble chamber results 
give some indication of a decrease of Pa with 
energy,‘ but no firm conclusion can be drawn at 
present from the data. 

Scattering of A’s in the production nucleus can 
be a significant source of depolarization, espec- 
ially for A’s produced in lead, the nuclear rad- 
ius of which is 7 x 107~“cm. Scattering of the 7~ 
inside the production nucleus before the produc- 
tionevent can also contribute to depolarization. 

Admixture of A’s produced by other reactions, 
especially 7~ +p — £°+ 6°, might greatly reduce 
polarization effects. If the reactions 7~+p—A + 6° 
and 7~+p —2°+6° are about equally likely® and 
if these reactions are the major sources of A’s 
in the present experiment, then as many as 45 
of our A’s produced in lead can be from 2° de- 
cays. The polarization of these A’s is } that of 
the D°’s,” and may be close to zero. If 2° pro- 
duction gives rise to 45 unpolarized A’s, then the 
chance that the remaining 46 A’s sample a popu- 
lation having Pa =0.40 is raised to 25%. 
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PHOTOPRODUCTION OF POSITIVE PIONS 
FROM PROTONS* 


Jack L. Uretsky, Robert W. Kenney, 
Edward A. Knapp, and Victor Perez-Mendez 
Radiation Laboratory, University of California, 
Berkeley, California 
(Received June 2, 1958) 


The results of the experimental determination 
of the differential cross sections for the reaction 
y +p — 1+ +n at 260 and 290 Mev performed at 


do 

= 2 (yu barns /steradian) 
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FIG. 1. Angular distribution of positive pho- 
topions from hydrogen at 260-Mev photon ener- 
gy. For explanation of the curves see text. 
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the Berkeley synchrotron are shown below in 
Figs. 1 and 2. The equipment and experimental 
method have been described in detail elsewhere.’ 

The 7 mesons were detected by counters uti- 
lizing the characteristic 7 - decay.’ The an- 
gular distributions were measured in two ranges, 
0° to 53° and 28° to 160°, with different counter 
geometries because of the greatly differing elec- 
tron background in these two regions. The rela- 
tive measurements over the forward-angle range 
were normalized to the absolute cross section 
measurements in the 28° to 160° interval by 
least-squares fitting in the overlap region. 

The absolute measurements in the backward- 
angle range were taken with a simpler counter- 
telescope geometry which was readily amenable 
to solid-angle calculations. The efficiency of 
the counter telescope was measured by exposing 
it to a known flux of positive pions from the 184- 
inch cyclotron. The major uncertainty in the 
absolute measurements lies in the error in pho- 
ton flux determined by the “Cornell” thick- 
walled ion chamber. A careful recalibration of 
this instrument will be made in the near future. 
The 290-Mev data of Fig. 2 is not complete in 
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FIG. 2. Angular distribution of positive pho- 
topions from hydrogen at 290-Mev photon ener- 
gy. For explanation of the curves see text. 


that the small-angle points are missing. These 
points are being measured. 

The theoretical cross sections were calcula- 
ted from the dispersion-relation formulas as 
given by Chew et al.” except that the F° ampli- 
tude (Eq. 22.7 of Moravcsik*) was divided by a 
“phase-space” factor, 1+ w/M, where w is the 
meson total energy in the barycentric system. 
The value 0.08 was used for f*, and the constant 
Nn(-) of Eq. (22.6) was set equal to zero. 

In our initial calculations the P-wave phase 
shifts were computed from the effective range 
relations given by Chew and his collaborators. 
The S-wave phase shifts were taken to obey the 
relation 

2 6, + 6, = 0.229 q, 


which is suggested by Orear’s analysis.‘ The 
results of these calculations are given by the 
solid curves in the accompanying figures. 

We note first that the theory contains the gen- 
eral features of the angular distributions as well 
as the energy dependence of the 90° cross sec- 
tions. On the other hand, there appears to be a 
definite failure in the quantitative predictions of 
the theory for photon energies of about 290 Mev 
and higher. It seemed reasonable to ask to what 
extent the disagreement between theory and ex- 
periment was a reflection of our inadequate 
knowledge of the experimental quantities that 
occur in the cross section formula. A partial 
answer to this question is obtained by investiga- 
ting the results of varying the small P-wave 
phase shifts. 

As a first attempt we set 5,, equal to zero, 
leaving the other parameters unchanged, and 
found that the forward cross section was de- 
pressed while the backward-angle cross section 
was increased. One observes that the agreement 
with experiment becomes even less satisfactory. 
On the other hand, if, instead, 5,, and 6,, are 
set equal to zero (dashed curves in the figures) 
the forward and backward cross sections are, 
respectively, increased and lowered with the 
consequence that the agreement between predic- 
ted and theoretical angular distributions is im- 
proved. As a third choice we used Anderson’s 
formulas for the three phase shifts 6,,, 5,,, and 
5,, (the last two are no longer equal) with the 
results shown by the “dash-dot” curves in the 
figures. Empirically, this seems to be the 
worst choice of all. 

We feel that the most important result of our 
calculations is the discovery that the photopro- 
duction cross section is a very sensitive func- 
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tion of the “small” pion-nucleon scattering phase 
shifts. This sensitivity has the unfortunate con- 
sequence that any attempt to evaluate the detail- 
ed success of the photoproduction theory as for- 
mulated by Chew et al. must be inextricably en- 
tangled with a very precise investigation of the 
scattering problem. To this extent we feel that 
the calculations described here are significant. 
It is to be emphasized, however, that we attach 
no especial significance to the particular choice 
of P-wave phase shifts that gives the best pre- 
diction of the experimental results except to the 
extent that this choice focuses our attention 
upon certain terms in the dispersion-relation 
formula. 

Examination of the low-energy 90° data seems 
to indicate that a choice of 0.08 for the coupling 
is somewhat high. If we choose a value of the 
coupling constant to fit the theory to the five 
lowest experimental points of Fig. 3, it is found | 
that 0.072 is somewhat more satisfactory. The 
high-energy predictions of the theory remain 
essentially unchanged. 

We are indebted to Professor Geoffrey Chew 
and Dr. Michael Moravcsik for many discussions 
and suggestions, to Professor C. S. Robinson 
and Mr. Frank R. Tangherlini for making avail- 
able to us their results from similar computa- 
tions, and to Mrs. Marjorie Simmons for the 
construction of an IBM 650 program. 
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FIG. 3. Differential cross section for photo- 
pions from hydrogen at 90° (c.m.) as a function 
of energy. For explanation of the curves see 
text. Experimental data is quoted from Bene- 
ventano, Bernardini, Carlson-Lee, Stoppini, and 
Tau, Nuovo cimento 4, 323 (1956); Tollestrup, 
Keck, and Warlock, Phys. Rev. 99, 220 (1955); 
and Walker, Teasdale, Paterson, and Vette, 
Phys. Rev. 99, 210 (1956). The Tollestrup and 
Walker points have been increased 7% from the 
originally quoted values.* 
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“This work was performed under the auspices 
of the U. S. Atomic Energy Commission. 


‘Imhof, Knapp, Easterday, and Perez-Men- 
dez, Phys. Rev. 108, 1040 (1957), and Knapp, 
Imhof, Kenney, and Perez-Mendes, Phys. Rev. 
107, 323 (1957). 

?Chew, Low, Goldberger, and Nambu, Phys. 
Rev. 106, 1345 (1957). 

8M. J. Moravesik, Phys. Rev. 105, 267(1957). 

‘J. Orear, Nuovo cimento 4, 856 (1957). 


ANTIPROTON ANNIHILATION INTO 
NEUTRAL PIONS* 
Glenn M. Frye, Jr. 
Los Alamos Scientific Laboratory, 
University of California, 
Los Alamos, New Mexico 
(Received May 22, 1958) 


An antiproton annihilation event has been ob- 
served in an emulsion stack exposed at the Be- 
vatron,* which gives evidence for an annihilation 
mode in which only neutral pions are produced. 
As shown in Fig. 1, the antiproton comes to rest 
and the only visible annihilation products are 


Prong 2 


FIG. 1. A projection drawing of the event. 
The antiproton is represented as it enters the 
stack at twice minimum ionization and as it 
annihilates at rest. Prongs 1 and 2 have plateau 
ionization and are shown to be electrons from 
scattering measurements. The space angle be- 
tween the two prongs of the pair is 20.4°. 


| 
| ~ 
= 
; 
| 
: 
20.427" 
| | 
= 


VoLuME 1, NUMBER | 


PHYSICAL REVIEW LETTERS 


Jury 1, 1958 


two tracks of plateau ionization which at first 
were assumed to be pions. Scattering measure- 
ments, however, showed that prong 1 evidently 
underwent a radiative collision 2.4 cm from the 
vertex, as its p8 was suddenly reduced by a 
factor of six. Thus it is an electron. Prong 2 
has a p68 = 84+16 and is probably also an elec- 
tron. The most likely explanation for the pre- 
sence of an electron pair at the point of annihi- 
lation is that a neutral pion has decayed by the 
alternate mode 7°~e*+e~++y and that the two 
tracks observed are indeed a “Dalitz” pair.” 

The details of the measurements are as fol- 
lows: the p was identified as such because (1) 
it entered the stack within 1° of the beam direc- 
tion; (2) its mass, by the gap-length vs residual - 
range method, compared to other known anti- 
protons in the stack, was (0.96+0.07)M-; and 
(3) it came to rest and produced a star. The 
space angle between the two prongs is 20.4°. 
Since prong 1 has a dip of 30.3°, its scattering 
was measured by the surface-angle method, * 
which gave p§ =127+30 Mev/c over the first 2.4 
cm of the track. (All errors are statistical 
standard deviations.) It then underwent a 12° 
scatter and the dip angle was reduced to ~10°, so 
that the sagitta-scattering method could be used. 
It yielded a p8=21+3 Mev/c. In all, the track 
was followed 4.5 cm, until it could not be traced 
with certainty between emulsions. Prong 2 had 
a dip angle of 30.1°, and its scattering was also 
measured by the surface-angle method. It was 
traced for 4.7 cm until it went out the top of the 
stack. This track length was arbitrarily divided 
into two segments, and they gave p§ =92 +4 24 and 
76 + 19 Mev/c, respectively. The scattering and 
ionization measurements are summarized in 
Fig. 2. When the above values of p§ are averaged 
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FIG, 2. The ionization vs p§ measurements 
on prongs 1 and 2. 


to give p§ = 84416, this point lies approximately 
four standard deviations from the pion curve. 
Thus prong 2 is also most likely an electron, 
although the presence of systematic errors in 
either the scattering measurement or the p6- 
ionization curve could make the identification 
less certain. However, the curve shown in Fig. 
2, which was determined in this laboratory for 
a minimum-to-plateau ratio of 0.90, differs 
from the more accurate work of Alexander and 
Johnston* by <10% in the region 1.0 <b*<1.5. 
Moreover, surface angle scattering measure- 
ments in this stack on two stopping pions with 
similar dip angles yielded p8 =85+25 and 130 + 
33 Mev/c, as compared to p8=76 and 136 Mev/c 
respectively from the range measurements. 

When a correction is made for the ionization 
energy loss from the vertex to the midpoint of 
the segment over which the scattering was 
measured, the energies become 134 + 30 and 99 
+ 16 Mev for prongs 1 and 2. The energy of the 
pair is thus 233 + 34 Mev. A minimum energy 
for the neutral pion can be calculated by assum- 
ing the y ray was emitted at 180° to the momen- 
tum vector of the pair; i.e., E(n°),j)=251 + 37 
Mev. 

There is, of course, the possibility that a 
negative pion was originally produced in the 
annihilation and then either (1) underwent a 
charge-exchange scattering 7 ~7° or (2) was 
absorbed in the nucleus with subsequent emission 
of neutrons only. It has been shown that the pro- 
bability for (1) is ~1%.' (2) is unlikely because 
one would expect low-energy evaporation protons 
and a particles as well as a high-energy neutron 
to appear when a 7” is absorbed. In 111 pf anni- 
hilations at rest observed at Los Alamos, only 
one case was found where a proton with KE >35 
Mev was not accompanied by at least one low- 
energy prong. In addition, the study of the ab- 
sorption of 200-Mev negative pions in nuclear 
emulsion’ allows one to estimate the probability 
of (1) plus (2) as 4%. 

Events have been seen in the cosmic radia- 
tion®»’ which have been interpreted as the anni- 
hilation of an antiproton into photons, presum- 
ably through the intermediary of neutral pions. 
The annihilation described here furnishes addi- 
tional evidence for the decay mode 


p+p-—n7’, n> 2. 


The author would like to thank Dr. E. J. Lof- 
gren and his crew for use of the Bevatron facili- 
ties, Dr. H. H. Heckman for much assistance in 
making the exposure, and Mr. A. J. Oliver and 
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Dr. R. S. White for developing the stack. Mrs. 
Mary Housley found the event, and Mrs. Pat 
Agee and Mrs. Pearl Norwood aided in the ana- 
lysis. Dr. A. H. Armstrong and Dr. L. Rosen 
participated in many helpful discussions. 
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*Schein, Haskin, and Glasser, Phys. Rev. 95, 
855 (1954); Schein, Haskin, and Glasser, Phys. 
Rev. 99, 643 (1955). 

"Bridge, Courant, DeStaebler, and Rossi, 
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SPIN OF Ni®* 

H. H. Woodbury and G. W. Ludwig 
General Electric Research Laboratory, 
Schenectady, New York 
(Received May 29, 1958) 


The spin of the stable isotope Ni®* has been 
directly observed to be 3/2 from the electron 
spin resonance spectrum of Ni-doped germa- 
nium.' Samples were prepared by plating 5-10 
mg of Ni, enriched to contain 83% Ni®™,? onto 
arsenic-doped germanium crystals 3mm*3 mm 
x12 mm and diffusing the Ni into the germanium 
at 850°C for 75 min. The original arsenic con- 
centration and diffusion temperature were so 
chosen that a maximum concentration of Ni in 
the Ni~ state would be obtained.’»* The samples 
were air quenched, chemically etched, and placed 
in the reflection cavity of the spectrometer. 

Fig. 1 shows the derivative of the absorption 
signal as displayed on the recorder of the spec- 
trometer. At the temperature (21°K) and crys- 
tallographic orientation [H in the (110) direction] 
chosen, there are 3 main lines for samples 
doped with unenrichedNi-—the one line shown in 
Fig. 1(A) being the lowest field line. Ni™ is 
normally 1.25% abundant. Splitting due to it in 
unenriched Ni-doped crystals could not be iden- 
tified because of the weakness of the signal and 
overlapping of the lines. Fig. 1(B) shows the 
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FIG. 1. A portion of the electron spin reso- 
nance spectrum at 21°K for germanium doped 
with nickel of normal isotopic abundance (A) and 
germanium doped with nickel enriched in Ni®™ 
(B). The magnetic field increases from left to 
right. The sensitivity of the spectrometer in (B) 
is approximately 5 times that in (A). 


same portion of the spectrum for a sample en- 
riched in Ni®™. The single line shown in Fig. 1 
(A) is now split into 5 lines. The smaller, un- 
shifted center line arises from the 17% abundant 
Ni isotopes of spin zero present in the enriched 
sample. The other four equally intense, equally 
spaced lines arise from the hyperfine interac- 
tion with Ni*. The four lines correspond to four 
possible orientations of the Ni®™ nucleus and thus 
indicate a spin of 3/2 for this isotope. For the 
example shown, the spectrometer was operated 
at 13.988 kMc/sec and the central line was at a 
magnetic field of 4734 gauss. The separation 
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between adjacent Ni™ hyperfine lines was 10.5 
gauss. 

The authors thank W. W. Tyler for his aid in 
the preparation of the samples and C. R. Trzas- 
kos for assistance with the measurements. 


1G. W. Ludwig and H. H. Woodbury, Bull. Am 
Phys. Soc. Ser. II, 3, 135 (1958). 

2Obtained from Isotopes Sales Department, 
Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 

5W. W. Tyler and H. H. Woodbury, Bull. Am. 
Phys. Soc. Ser. II, 2, 135 (1957); Tyler, New- 
man, and Woodbury, Phys. Rev. 98, 461 (1955). 


ATTEMPTS TO CONFIRM THE EXISTENCE OF 
THE 10-MINUTE ISOTOPE OF 102? 


A. Ghiorso, T. Sikkeland,” J. R. Walton, 
and G. T. Seaborg 
Radiation Laboratory and 
Department of Chemistry, 
University of California, 
Berkeley, California 
(Received June 6, 1958) 


In many score of experiments conducted in 
various ways over a period of many months we 
find that we are unable to confirm the element- 
102 discovery work of Fields et al. reported in 
1957.1 These experimenters ascribed to an iso- 
tope of element 102 an alpha particle activity 
having an energy of 8.5+0.1 Mev and a half-life 
of approximately 10 minutes. It was reported to 
be produced by bombardments of a 1 mg/cm? 
curium target with 0.03 -0.10 microamperes 
(meter current) of C** ions of about 90 Mev ener- 
gy in the internal beam of the Nobel Institute 
225-cm cyclotron. 

Our attempts to reproduce this activity were 
made with the monoenergetic ion beam available 
from the Berkeley heavy ion linear accelerator 
(HILAC). Curium with a similar isotopic com- 
position was used, except that instead of one 
target we used six separate electroplated targets, 
four with 0.4 mg/cm? curium and two with 0.1 
mg/cm? curium. These were mounted in vacuum 
so that the heavy-ion beam could pass through 
and knock the transmutation recoils into 0.9- 
mg/cm? palladium foils. After a suitable bom- 
bardment the six catcher foils were dissolved in 
a few drops of concentrated aqua regia and an 
actinide-element fraction quickly separated from 


palladium by elution with 2 M HCl from a column 
packed with Dowex-1 anion exchange resin.” It 
was possible to examine a transplutonium frac- 
tion within 8 minutes from the end of bombard- 
ment. A wide range of energies (60 - 100 Mev) 
of both C” and C** projectiles and (+6) ion cur- 
rents up to 0.2 microamperes were used. In 
order to compare these bombardments with 
those which were reported to have produced the 
8.5-Mev alpha activity one can compare the 
amounts of the other alpha particle activities 
that are produced in such bombardments. The 
nuclides Fm**°, Cf**, and Cf*** were found in 
far greater amount in our experiments than in 
the aforementioned cyclotron runs. In the case 
of Cf**, for example, which is produced with a 
relatively flat excitation function, we found in a 
typical experiment about 40 alpha counts per 
minute. This should be compared with 0.1 alpha 
counts per minute of Cf**® found in the cyclotron 
experiment which was reported to have yielded 
four 8.5-Mev events. This comparison would 
indicate that we should have observed at least 
100 such events in each experiment since the 
ratio of the 8.5-Mev, 10-minute activity to that 
of Cf**® should have remained approximately the 
same in our experiments. We observed no pul- 
ses in this energy region that could not be attri- 
buted to background, namely, a total of a few 
counts spread over dozens of experiments. 

Since it was thought to be remotely possible 
that perhaps the element 102 activity was being 
volatilized out of the palladium catchers prefer- 
entially compared to the other activities, expe- 
riments were also performed in which the recoil 
atoms were caught in helium-cooled “ Mylar” 
films (ca 1 mg/cm? thick). After bombardment 
the Mylar foils were flamed on a platinum plate 
and alpha-pulse-analyzed within less than one 
minute from the end of irradiation. Still no 
other unknown activity was seen even though, as 
before, large amounts of californium and fer- 
mium activities were produced. 


After the development of the electrostatic re- 
coil collection method and its successful appli- 
cation to the search’ for element 102 we again 
looked carefully for new short-lived high-energy 
alpha emitters. The recoil atoms were caught 
on negatively charged aluminum foils in helium 
and examined directly 30 seconds from the end 
of bombardment. C™, C*’, and also O”* projec- 
tiles were used over a range of energies from 
60 to 145 Mev but without success in seeing any 
long-lived, 8.5-Mev alpha-particle emitter. 
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These bombardments, made with 0.25-microam- 
pere beams (meter current) did, however, at 
the same time produce large amounts of cali- 
fornium and fermium activities and were other- 
wise quite similar to those experiments with the 
moving belt in which we identified the 3-second 
nuclide 1027™.$ 

The data arguing against the validity of the 
Stockholm experiments on which the claim to the 
discovery of element 102 was based may be su- 
mmarized as follows: 

1. We have used curium targets with sub- 
stantially the same isotopic composition and 
have bombarded them with C”, and O** ions 
over a wide energy range with monoenergetic 
beam currents as much as ten times greater 
than those of wider energy spread in the cyclo- 
tron experiments. We have used three different 
methods of handling the transmutation recoils 
from the targets; all of them were successful in 
that we detected large amounts of other actinide 
element products but nevertheless failed to pro- 
duce the 10-minute, 8.5-Mev activity. That our 
experiments should have detected this unknown 
activity is made certain by the fact that one of 
these methods (electrostatic collection of target 
recoils) was used in the identification of a very 
short-lived isotope of element 102. 

2. Our inability to confirm the Stockholm re- 
sults we feel may possibly be explained by the 
following circumstances. The cyclotron experi- 
ment, because it had to make use of the internal 
beam, was an extremely difficult one to perform. 
The amount of activity produced varied errati- 
cally but was always very tiny; not more than a 
few events in any one experiment were ever 
seen, and in most of them none was detected. 
Under these trying conditions it was apparently 
not possible to make sure that the unknown acti- 
vity could not be ascribed to a light element im- 
purity or other artifact. In connection with this 
it should be noted that the one crude ion-ex- 
change elution experiment performed showed the 
unknown activity to elute immediately after the 
free column volume, and thus did not provide a 
clear chemical differentiation from several pos- 
sible lighter elements. It should also be noted 
that at the 90-Mev C** energy used most of the 
time in the cyclotron experiments one would 
produce predominantly those neutron evapora- 
tion reactions where six or more neutrons would 
be emitted. This would limit the mass number 
of any isotope of element 102 that could be pro- 
duced to 253 or less. It is quite conceivable 
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that some isotope of 102 such as 10275” or 10275 
could have a half-life of ten minutes, but these 
could only be produced by bombardment of heav- 
ier curium isotopes, even when using lower 
energy bombarding ions. It would also be ex- 
pected that a 10-minute half-life for an isotope 
of element 102 would imply an alpha-particle 
energy for the most abundant group closer to 

8.0 than to 8.5 Mev. 

The only conclusion that we can draw from 
these observations is that the activity found by 
these experimenters cannot be ascribed to ele- 
ment 102. 


trhis work was performed under the auspices 
of the U. S. Atomic Energy Commission. 

*On leave from Joint Establishment for Nuc- 
lear Energy Research, Kjeller, Norway. 


1}. R. Fields et al., Phys. Rev. 107, 1460 
(1957). 
*K. A. Kraus and F. Nelson, Proceedings of 
the International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, August, 1955, 
(United Nations, New York, 1956), Vol. VII, p. 
113, P/837. 
*See Ghiorso, Sikkeland, Walton, and Seaborg, 
following Letter [Phys. Rev. Lett. 1, 18 (1958)]. 


ELEMENT NO. 102f 


A. Ghiorso, T. Sikkeland,* J. R. Walton, 
and G. T. Seaborg 
Radiation Laboratory and 
Department of Chemistry, 
University of California, 
Berkeley, California 
(Received June 6, 1958) 


By the use of a radically new method’ we have 
succeeded in identifying unambiguously an iso - 
tope of element 102. In other careful experi - 
ments’ conducted over a périod of many months 
we find that we are unable to confirm the ele- 
ment 102 discovery work of Fields et al. report- 
ed in 1957.° 

The experiments at Berkeley were performed 
with the new heavy ion linear accelerator 
(HILAC) over a period of several weeks and 
culminated in the chemical identification of an 
isotope of fermium (Fm”*°) as the daughter of 
an alpha-particle-emitting isotope of element 
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102 (102?™). The method used to detect the iso- 
tope of element 102 was essentially a contin- 
uous milking experiment wherein the atoms of 
the daughter element 100 were separated from 
the parent element 102 by taking advantage of 
the recoil due to the element 102 alpha-particle 
decay. 

The target consisted of a mixture of isotopes 
of curium (95% Cm*“ and 4.5% Cm?) mounted 
on a very thin nickel foil. The target was ap- 
proximately 0.5 mg/cm? thick and was covered 
with 75-yg/cm? aluminum to prevent curium 
“knockover”. The curium was bombarded with 
monoenergetic C” ions at energies from 60 to 
100 Mev. The transmuted atoms were knocked 
into helium gas to absorb the considerable re - 
coil energy. It was found that with a sufficient 
electric field strength practically all of these 
positively charged atoms could be attracted to 
a moving negatively charged metallic belt placed 
directly beneath the target. These atoms would 
then be carried on this conveyor belt under a 
foil which was charged negatively relative to 
the belt. Approximately half of the atoms under- 
going alpha decay would cause their daughter 
atoms to recoil from the surface of the belt to 
the catcher foil (see Fig. 1). The catcher foil 


CONVEYER BELT, TAR 2 


FIG. 1. Schematic diagram of conveyor belt experiment. 


was cut transversely to the direction of the belt 
motion into five equal-length sections after a 
time of bombardment suited to the half-life of 
the daughter atom to be examined. The five 
foils were then alpha-pulse-analyzed simultan- 
eously in a multiplex assembly consisting of 
five Frisch grid chambers, amplifiers, a 
single Wilkinson type “kick-sorter”, and a 
printer. With this equipment it was easily poss- 
ible to make all the desired measurements for 
identifying the atoms caught on the catcher foils 


and thus to measure the half-life of the parent 
of the recoiling atoms. The method was first 
successfully used in bombardments of Pu**® 
with C” ions to identify a new isotope of ele- 
ment 100, Fm***, It was shown to have a half- 
life of 0.6 minutes by analysis of the amounts 
of the 20-minute Cf** caught on the catcher 
foils. 

Experiments were then started which were 
aimed at finding a short-lived isotope of ele- 
ment 102. The most likely isotope of element 
102 that could be detected with this method was 
deemed to be 102?% with a predicted half-life of 
seconds leading to the 30-minute, 7.43-Mev 
alpha-particle emitter, Fm’™. The first ex- 
periments showed that the electrostatic shield- 
ing between the target and the catcher foil was 
not complete enough, since some of the origin- 
ally produced atoms such as Cf** were found on 
the leading edge of the catcher foil; additional 
shielding reduced this problem to insignificance. 
In a series of experiments it was found that Fm?*° 
could be collected on the catcher foils in accord- 
ance with a parent of half-life 3 seconds pro- 
duced in the reaction Cm?* (C”, 4n) 102?** (see 
Fig. 2). The excitation function for producing 
Fm?*° in this manner was found to peak sharply 
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FIG. 2. Determination of half-life 
of 1027. Data from combined re- 
sults of many experiments. 


at 70 +5 Mev corresponding to a (C”, 4n) re- 

action in accordance with a recently developed 
method for calculation of (C, xn) reaction cross 
sections.‘ That the atoms collected are ejected 
by alpha recoil of atoms from the belt is proved 
by the fact that neither Cf** nor Cf**®, which 
are collected in far greater amounts on the belt, 
are found prominently on the catchers. Chang- 
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ing the belt speed was found to change the distri- 
bution of the Fm*®° on the catcher foil in a man- 
ner conforming to a three-second parent. The 
number of Fm*®° counts observed in a single 
experiment was as great as 40 and correspond- 
ed to a maximum cross section of a few micro- 
barns for the reaction with Cm**. Nuclear 
emulsions placed above the moving belt to re- 
ceive the alpha particles from the decaying 102 
atoms are being scanned to determine the alpha 
energy of the 3-second 102?™, but there are dif- 
ficulties with this method since there are hun- 
dreds of times as many tracks due to Fm**, 


cf***, Cf***, and other alpha emitters. 

The final identification of the activity ascribed 
to Fm*®° was carried out by dissolving the acti- 
vity from the catcher foil and separating it from 
the other actinide elements by elution with am- 
monium a-hydroxyisobutyrate from a column 
packed with Dowex-50 cation exchange resin.° 
In one experiment 2 atoms of Fm?*° were identi- 
fied and in another 9 atoms were observed in 
the element 100 position (see Fig.3); there can 
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FIG. 3. Ion exchange elution curve of the Fm*® 
daughter of 102%. The Tm, Y, E*™, and Cf?” 
activities (scale on left) were incorporated as 
tracers for calibration purposes. 


thus be no doubt that we have identified element 
102 in these experiments. We are deferring the 
naming of the element 102 to a later date. 

We would also like to report some very re- 
cent experiments designed to look for alpha 
activity from as yet undiscovered element 103. 
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The same curium target was bombarded with 
ca 0.3 microampere of (+7) N** ions. The atoms 
of 103, such as 10375* from the Cm**® (N", 4n) 
reaction, would presumably be collected on the 
conveyor belt as in the other experiments. The 
belt speed was 3 inches per second since the 
half-life of an isotope such as 103*** would be 
expected to be a fraction of a second. Nuclear 
emulsions placed just above the belt to receive 
the long range alpha particles from the decay of 
this nuclide have been examined carefully for 
such corresponding tracks. We have found 16 
tracks with an energy of 9+ 1 Mev and positions 
in the nuclear emulsion consistent with a half - 
life of approximately { second. These tracks 
could be due to an isotope of element 103 but 
from these crude preliminary experiments it 
is of course not possible to rule out the possi- 
bility that they are due to the production of new 
nuclides between polonium and thorium from 
tiny lead or bismuth impurities or are due to 
prompt alpha particles produced by the inter- 
action of neutrons with the belt material. Work 
is continuing in an effort to trace the source of 
this activity. 

We are indebted to E. Hubbard and the many 
physicists and engineers of both Berkeley and 
Yale whose excellent design work have made 
the successful operation of the HILAC poss- 
ible. The cooperation and hard work of the 
crew of the HILAC is gratefully acknowledged. 

The engineering of the various pieces of 
target equipment was performed very ingen- 
iously by C. Corum and we owe much of the 
success of our new methods to his_ excellent 
painstaking work. To A. E. Larsh and D. F. 


Mosier we extend our thanks for working out the 
details of the new multiplex pulse analyzer sys- 
tem which was the heart of our detecting system. 

We would like to thank R. Garrett, C. Rossi, 
and J. Mahoney for their cheerful and tireless 
assistance in carrying out many of the operations 
which have provided the necessary background 
for the experiments which have been described. 
The early phases of this work were carried out 
with the helpful collaboration of G. R. Choppin, 
S. G. Thompson, T. Parsons, G. Gordon, L. 
Phillips, and R. Gatti. 

We would like to express our appreciation to 
Professor C. M. Van Atta and Professor E. O. 
Lawrence for their continuing interest and en- 
couragement in this research. 
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of the U. S. Atomic Energy Commission. 


*On leave from Joint Establishment for Nu- 
clear Energy Research, Kjeller, Norway. 


*A more detailed account by A. Ghiorso of 
some of these new experimental techniques is 
being prepared for publication. 

*See Ghiorso, Sikkeland, Walton and Seaborg, 
preceding Letter [Phys. Rev. Lett. 1, 17 (1958)]. 
°P. R. Fields et al., Phys. Rev. 107, 1460 

(1957). 

“Sikkeland, Thompson, and Ghiorso, Phys. 
Rev. (to be published). 

*Choppin, Harvey, and Thompson, J. Inorg. 
Nuclear Chem. 2, 66 (1956). 


SEARCH FOR A LONG-LIVED 
CHARGED PARTICLE* 
P. C. Stein 
Laboratory of Nuclear Studies, 
Cornell University, Ithaca, New York 
(Received May 29, 1958) 


Alikhanian et al.’ have suggested the exist- 
ence in cosmic rays of particles with a mass of 
about 500 times the mass of the electron. Their 
data further suggests that such particles might 
be long-lived, compared to the lifetime of K 
mesons. Keuffel et al.? have also suggested the 
possibility of the existence of such particles with 
lifetimes of the order of milliseconds. 

A search was made for such particles using 
the y-ray beam of the Cornell electron synchro- 
tron. Thé detection scheme assumed the follow- 
ing properties of such a particle: (1) a lifetime 
of from 100 usec to 1 msec; (2) that one of the 
charged decay products have at least the range 
of a 25-Mev electron; and (3) that the charge of 
the mass 500 particle is positive or if negative, 
will decay before being absorbed. 

A block of beryllium 8 in. long and 4 in. by 4 
in. in cross section was placed in the 1.1-Bev 
bremsstrahlung beam. The length of the beam 
pulse was 40 usec. Two scintillation counters of 
dimensions 6 in. x 6 in. were placed directly at 
the same side of the beryllium target. Biases 
were set so that the counters were sensitive to 
minimum ionizing particles. The high voltage on 
the counters was pulsed off during the beam 
pulse, and turned on 30 usec after the end of the 
beam pulse. The coincidence rate was measured 
as a function of time after the beam pulse. A 
100-usec lifetime was observed, which was 


shown to be due to background neutrons. In runs 
with a beam of 2x10" equivalent quanta, 510 
counts were observed with the beryllium target 
in, and 450 counts were observed with the target 
out. If the difference in counting rates is as- 
sumed to be due to the decay of a long-lived par- 
ticle, an upper limit to the production cross sec- 
tion can be set. 

If the mass of the particle is assumed to be 
500me, the particles are assumed to be pro- 
duced in pairs, and the lifetime is assumed to be 
150 usec, an average upper limit to the cross 
section from 550 to 1100 Mev of 4x107%cm?/nu- 
cleon can be set. 


*Supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic 
Energy Commission. 

*Alikhanian, Shostakovich, Dadaian, Federov, 
and Deriagin, Zhur. Eksptl. i Teoret. Fiz. 
S.S.S.R. 31, 955 (1956)[translation: Soviet Phys. 
JETP 4, 817 (1957)]. 

?Keuffel, Call, and Sandman, Bull. Am. Phys. 
Soc. Ser. II, 3, 162 (1958). 


ELECTRON-CAPTURE ENERGY AND LEVEL 
LIFETIME BY TEMPERATURE EFFECT 
IN Sm? GAMMA-RAY RESONANCE 


P. B. Moon, G. G. Shute, and B. S. Sood 
Department of Physics, 
University of Birmingham, Birmingham, England 
(Received May 26, 1958) 


Irradiating Sm,O, with the Sm’ gamma rays 
that follow electron-capture in Eu’*?™ and meas- 
uring the spectral distribution of radiation scatt - 
ered at 100°, Grodzins' has observed both the 
961-kev resonance radiation and the 837-kev 
fluorescence. From their intensity, he deduced 
a mean life of (3+1) x10 ~™* sec. for the level. In 
making this estimate, he explicitly neglected ef- 
fects of thermal motion; the overlap of emission 
and absorption frequencies is on this view due 
solely to nuclear recoil accompanying neutrino 
emission and to the distant wings of the emission 
and absorption lines. 

We have repeated the experiment with a mean 
scattering angle of 90° and with somewhat differ - 
ent shielding arrangements. Although our count - 
ing rate was much smaller than that recorded by 
Grodzins, we were able to observe both lines, 
resonantly scattered from Sm,O,. We also ob- 
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served the same lines in Rayleigh-Thomson 
scattering from tantalum carbide. Since the 
theory of this scattering is now reliable at ener- 
gies of the order of 1 Mev,? we used their intens- 
ity to check that no major mistake had been made 
in calculating the differential cross section of 

the resonance. 

Allowing for the 26% isotopic abundance of Sm'™ 
and for the different angular distributions of the 
961-kev and 837-kev components, we found a 
cross section of 7x10 ~°cm? for the Sm’™ reson- 
ant absorption. 

We then changed the temperature of the Eu?™ 
source to 90°K and to 1050°K. The resonance- 
fluorescence cross section changed, respective- 
ly, to 0.89 and 1.44 of the room-temperature 
value, showing that much of the room-temperat- 
ure resonance is associated with the thermal 
motion. We shall assume that neutrino recoil 
and thermal broadening are dominant and that 
line-wing overlap is small, justifying this as- 
sumption later. Two other complications must, 
however, be allowed for in analyzing the thermal 
experiments. 

Firstly, Eu,O, and Sm,O, have Debye temper - 
atures of the order of 500°K; we assume that the 
nuclear velocities can be treated as Maxwellian 
but at an effective temperature at which the 
classical mean energy is equal to the Debye en- 
ergy at the actual temperature’. 

Secondly, there is about 123% of Ly -electron 
capture‘; if the total energy of the transition is 
Ec and the shell binding energies are Ex and 
Ey; one ninth of the neutrinos have energy Ec 
- Ey, and eight-ninths have energy Ec -EK. 
Figure 1 shows thermal curves calculated for 
different values of Ec, each curve being normal - 
ized to unity at room temperature. The experi - 
mental points for both the hot and the cold 
source lie close to a single curve, which would 
not be expected if line-wing overlap is important. 
We find Ec =(925+10) kev, as compared with 
(890450) kev from positron spectroscopy’. With 
our value of 7 x 10 *°cm? for the resonance ab- 
sorption cross section, we then calculate the 
partial mean life of the 961-kev gamma ray to 
be 1.6x10~sec. and the mean life of the 961- 
kev level to be 7x107'*sec. Both figures include 
a correction for the effect of collisions in the 
solid source; this was about 20%. 

Thus from a different experimental result for 
the resonance cross section and a tontrary inter- 
pretation as regards the relative importance of 
thermal broadening and line-wing overlap, we 
arrive at a lifetime about twice that given by 


Ec 
KEV 


2 925 KEV 


RELATIVE CROSS SECTION 


3 935 KEV 


+ SOURCE TEMPERATURE» K 


400° 500° 600° 700° 
MEAN EFFECTIVE TEMPERATURE OF 
SOURCE AND SCATTERER IN °K. 


FIG. 1. Temperature dependence of scattering 
for various electron-capture energies. Each 
curve is drawn for a different electron-capture 
energy, with the room temperature cross sec- 
tion taken as unity. 


Grodzins, but still consistent with the success 
of the neutrino helicity experiment of Goldhaber, 
Grodzins and Sunyar’. 

AsGrodzins points out, line-wing overlap and 
thermal broadening must in principle both be 
present. The rotor technique should be useful in 
disentangling the two contributions; we have 
made preliminary experiments which support 
our belief that at small source velocities therm - 
al broadening is the main process. With the 
source receding from the scatterer at high speed, 
line-wing overlap must ultimately become domin- 
ant. 
| L. Grodzins, Phys. Rev. 109, 1014 (1958). 

? G. E. Brown and D. F. Mayers, Proc. Roy. 

Soc. (London) A242, 89 (1957). 

5W. E. Lamb, Phys. Rev. 55, 190 (1939). 

* P. E. Zweifel, Proceedings of the Rehovoth 
Conference on Nuclear Structure (North 
Holland Publishing Company, Amsterdam, 
1958), p. 309, Fig. 9. 

° Goldhaber, Grodzins, and Sunyar, Phys. Rev. 
109, 1015 (1958). 
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NEW ISOTOPE OF BERYLLIUMT 


M. J. Nurmia* and R. W. Fink 
Departments of Physics and Chemistry 
University of Arkansas 
Fayetteville, Arkansas 
(Received May 16, 1958) 


As part of a systematic investigation on the 
reactions in light nuclei caused by 14.8 - Mev 
neutrons, several samples of B,C, BN, B,O,, 
and elemental boron! of natural isotopic compo- 
sition were irradiated with a flux of 10®- 10° 
neutrons/cm? sec produced in the d-T reaction 
from the 400-kv Cockcroft-Walton accelerator 
at the University of Arkansas’. The samples 
were pressed with paraffin to form circular disks 
1.5 cm in diameter and about 2 mm thick, which 
were mounted in holes in pieces of 3-mm thick 
polyethylene plates 2.7 cm square. Beta and 
gamma scintillation counters and end-window 
GM tubes were used as detectors in connection 
with a rapid transfer and recording system’. 
This system enables counting to begin in less 
than 1 second after the end of bombardment. 

A representative decay curve is shown in Fig. 
1. Two half-lives are seen, the (0. 8640. 02) - 
second activity* being due to the decay of well- 
established Li® arising from the B™(n, q@) re- 
action®. The 14. 1-second activity, which has not 
been reported previously, is assigned tentatively 
to a new isotope of beryllium, Be", from the B™ 
(n,p) reaction. From a series of measurements, 
a value of 14. 1+0. 3 seconds is derived for the 
half-life, while by assuming equal detection ef - 
ficiencies for both activities, a value of 10.0 
+ 1.5 is obtained for the ratio of the (n, a)/(n, p) 
cross sections for B" at 14.8 Mev. The decay 
of 14. 1-second Be" appears to proceed predom - 
inantly by high-energy ( >5 Mev) beta-emission. 

Neither activity was produced with neutrons 
from the d-D reaction (2.95 Mev) owing to the 
high threshold energy requirements for both re- 
actions, which in the case of the B™ (n, a) Li® 
reaction is approximately® 6. 62 Mev and is at 
least 6 Mev for the B"*(n, p) Be" reaction. 

A more detailed investigation concerning the 
absolute cross sections and decay scheme of 


Time in seconds after end of bombordment (Curve A) 
| 2 3 4 5 6 7 


T 
8 
Tf 0-86,8ec Li 
from ) reaction 
c 
~ 
" 
+14.18ec,Be, from 
ai! 
(np) reaction 
{ BACKGROUND ~ 2-5 counts/sec ) 
10 20 30 40 50 60 70 
Time in seconds after end of bombardment ——» 
(Curve B) 


FIG. 1. Typical gross beta decay curve (B) 
taken with a 1}x1}-inch plastic scintillation 
counter (biased to detect betas above 1 Mev 
following a 7-second irradiation of natural boron 
with 10°-10° neutrons/cm?-sec from the d-T 
reaction (14.8 Mev). In other runs, the detector 
bias was varied in the range between 1 and 5 
Mev with very little change in the decay curve. 
Curve A shows the shorter-lived Li® activity 
plotted on a 10-fold expanded time scale. Back- 
ground plots (not shown) exhibited a very low 
counting rate, the highest of which decayed 
from about 10 to about 2 counts/sec during the 
first 100 seconds after bombardment. 


Be" is in progress. We are indebted to Mr. J. 
E. Wray of the Accelerator Laboratory for as- 
sistance in carrying out the bombardments. 


tsupported in part by the U.S. Atomic Energy 
Commission. 
*Present address: University of Helsinki, Hel- 
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sinki, Finland. 

‘ Containing 0.09% C, 0.26% Fe, balance B, 
obtained from A. D. Mackay, Inc., New York. 

2 Bronner, Ehlers, Eukel, Gordon, Marker, 
Voelker and Fink (to be published); for a detailed 
report on this accelerator see Annual Progress 
Report, U.S. Atomic Energy Commission Con- 
tract, University of Arkansas, March 1, 1858 
unpublished), pp. 1-32. 

3 To be described in detail elsewhere. 

* Ww. F. Hornyak and C. C. Lauritsen, Phys. 
Rev. 77, 160 (1950). 

5° A. M..Lawrance, Proc. Cambridge Phil. 
Soc. 35, 304 (1939). 

® Li, Whaling, Fowler, and Lauritsen, Phys. 
Rev. 83, 517 (1951). 


SPACINGS OF NUCLEAR ENERGY LEVELS* 


Norbert Rosenzweig 
Argonne National Laboratory, Lemont, Illinois 
(Received May 29, 1958) 


Recently, attempts have been made to dis- 
cover the law which governs the distribution of 
spacings of adjacent energy levels, of the same 
spin and parity, of highly excited nuclei.‘~? It 
was pointed out by Wigner*»® and also by Landau 
and Smorodinsky*® that one expects, on the basis 
of the “crossing theorem” for the eigenvalues of 
Hermitian matrices,’ that the probability den- 
sity for very small spacings is proportional to 
the spacing itself. If one retains the same de- 
scription for all spacings (i.e., a Poisson pro- 
cess in the square of the spacing), one obtains 
the distribution law 


pix) = xexp(-inx) , (1) 


in which x is the value of a particular spacing 
divided by the mean value. Indeed, a careful 
analysis of the experimental data indicates that 
small spacings (say x<0.3) occur relatively in- 
frequently.?»* 

Wigner has suggested the following statistical 
model for obtaining the correct distribution law 
for all values of x. There exists a representa- 
tion in which spin and parity are diagonal, and 
in which the matrix elements of the energy are 
randomly distributed according to a frequency 
function which is symmetric about the value 
zero. (One of the best known examples of such 
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a distribution is a Gaussian with zero mean.) 
Furthermore, Wigner conjectures that the dis- 
tribution law for x does not depend sensitively 
on the precise distribution law for the maxtrix 
elements® and that the correct p(x) is given ap- 
proximately by Eq. (1). 

In order to study these ideas we have resort- 
ed to a numerical analysis, which is easily car- 
ried through with modern computing machinery. 
We have considered a set of 200 real symmetric 
matrices of order 20. The matrix elements 
were chosen at random from a symmetric uni- 
form distribution. (It can be shown rigorously 
that the distribution law for the relative spacing 
x is independent of the dispersion of the uniform 
distribution.) After diagonalization, the 19 spa- 
cings resulting from one particular matrix are 
divided by the mean spacing for that matrix to 
yield 19 values of x. In this way all 3800 values 


of x may be considered together (in exact ana- 
logy with the procedure adopted in the treatment 
of the experimental data), and the result is 
shown in the form of a histogram in Fig. 1, 
which also contains a plot of p(x). 


TA 
120+ 
is 

7 
80: 

LA 

10 is 20 25 30 


FIG. 1. The results for the uniform distribu- 
tion of matrix elements as shown in the form of 
a histogram. The ordinate represents the num- 
ber of spacings per 0.05 unit of x. Fourteen 
spacings had values exceeding 3. The distribu- 
tion given by Eq. (1), suitably normalized by the 
factor 3800/20, is plotted for comparison. 


The above calculations were repeated, with 
the matrix elements selected at random from a 
Gaussian distribution (0, 0). Again, the result 
is rigorously independent of o and turns out to 
be quite similar to the histogram of Fig. 1. 

Thus, Wigner’s conjectures are very well 
confirmed within the limited scope of our calcu- 
lations. Our results, based on two different 
distributions of the matrix elements, are well 
described by the function (1), except for very 


VoLuME 1, NuMBER | 


PHYSICAL REVIEW LETTERS 


Jury 1, 1958 


large spacings (x>2.5). We find about three 
times as many spacings (x >2.5) as are predict- 
ed by Eq. (1), and there is some indication of 
this also in the experimental data. 

Helpful discussion with Dr. J. M. Cook and 
Dr. M. Hamermesh, Professor Wigner’s com- 
ments on the manuscript, and the work of Mr. 
Herbert Gray, who carried out the computations 
on the Argonne digital computer, are gratefully 
acknowledged. 


*Work performed under the auspices of the 
U. S. Atomic Energy Commission. 


‘Fujimoto, Fukuzawa, and Okai, Progr. 
Theoret. Phys. Japan 16, 246 (1956). 

71. I. Gurevich and M. I. Pevsner, J. Exptl. 
Theoret. Phys. U.S.S.R. 31, 162 (1956)[transla- 
tion: Soviet Phys. JETP 4, 278 (1957)]; also 
Nuclear Phys. 2, 575 (1956/57). 

*J. A. Harvey and D. J. Hughes, Phys. Rev. 
109, 471 (1958). 

‘E. P. Wigner, Proceedings of Conference on 
Neutron Physics by Time-of-Flight, Gatlinburg, 
Tennessee, 1956, reported in Oak Ridge Nation- 
al Laboratory Report ORNL-2309 (unpublished). 

SE. P. Wigner, Proceedings of the Interna- 
tional Conference on Neutron Interactions with 
Nuclei, Columbia University, 1957 (unpublished). 

°L. Landau and Y. Smorodinsky, Lectures on 
the Theory of the Atomic Nucleus, Moscow, 
1956 (unpublished). 

7J. v. Neumann and E. P. Wigner, Physik. Z. 
30, 467 (1929). 

*In this connection see the related problem 
discussed by E. P. Wigner, Ann. Math. 67 
(1958). 


DIVERGENCELESS CURRENTS AND 
K-MESON DECAY* 


S. Weihberg 
Columbia University, New York, New York, 

R. E. Marshak and S. Okubo 
University of Rochester, Rochester, New York, 
E. C. G. Sudarshan 
Harvard University, Cambridge, Massachusetts, 
and 
W. B. Teutsch 
Tufts University, Medford, Massachusetts 
(Received May 28, 1958) 


The striking successes of the V-A theory for 
weak interactions raise a difficult point of prin- 


ciple. The chirality invariance’ which led to the 
universal V-A four-fermion interaction was 
postulated for the bare fermions and it is not 
clear why the strong interactions modify the re- 
sults so little for the physical fermions. The 
evidence from 8 decay indicates that the pion 
renormalization effects are approximately the 
same (within 15%) for the V and A parts of the 
interaction. The fact that the coupling constants 
for . meson and O" decay are so close (within a 
few percent) implies that the renormalization 
effects are essentially nonexistent for the V in- 
teraction (and a fortiori for the A interaction). 

It appears therefore as if the four-fermion in- 
teraction actually couples the positive chiral 
states of the physical fermions. 

In order to explain the remarkable agreement 
between the coupling constants for uy-meson and 
O"* decay, Feynman and Gell-Mann? have propo- 
sed that the ordinary (i.e., strangeness-con- 
serving) V part of the interaction be described 
in terms of a divergenceless current. This 
would eliminate pion renormalization effects and 
has experimental consequences which can be 
tested.* It seems difficult to extend this attrac- 
tive idea to other (i.e., strangeness-noncon- 
serving) lepton interactions, since we do not 
know how to write down any other divergence- 
less currents than the ordinary vector one. This 
is hardly a conclusive argument, and one might 
suspect that if we understood the strong inter- 
actions and the origin of particle masses better, 
that we could construct such currents. It seems 
worthwhile, therefore, to look for experiments 
that can test directly whether the “current” 


responsible for a particular decay process is 
divergenceless or not. In this connection, it is 
to be noted that the currents for ordinary (e,v) 
and (u,v) A interactions are not divergenceless, 
since ™++v does occur, and since there is no 
enormous pseudoscalar component in beta- 
decay.* We wish to point out that one may test 
the role of divergenceless currents in strange- 
ness nonconserving (ji,v) interactions by looking 
for certain striking effects in the angular corre- 
lations in Kus decay. 

If we asseme that only positive chiral states 
are coupled, then all (u,v) interactions with AS= 
+ 1 arise from a weak-interaction Hamiltonian 


Here J) is an unknown function of baryon and 
meson fields with the transformation properties 
under proper Lorentz transformations of a vec- 
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U(Arbitrary scale) 


~ 
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FIG. 1. Pion-neutrino correlation function 
from K,, decay for two values of the pion mo- 


mentum on the assumption of a “divergenceless” 


current. 


tor. Adopting the convention of calling the K 
meson pseudoscalar, we may split J, into polar 
and axial vectors, 


(2) 


Since parity is conserved in strong interactions, 
we see immediately that only J) (A) contributes 
to +v while only 3,(V) contributes to + 
v. Now we may be certain that is not 
divergenceless, since the K~p + v decays do 
occur. The hypothesis we wish to test is there- 


A 


If (3) is correct, we shall have an interesting 

parallel with the ordinary lepton interactions. 
By general arguments of invariance, we may 

write the meson matrix element in Ky, decay as 


(Vv) 
-P,),] 
x exp [i (P, (4) 
f,,andg. are functions of (px - pz)*; in the 
c.m. system px = (0, mx), pz = (P, E), so that 
fy and gy may be taken as functions of p. The 


distribution W(p, @) in p and in the angle @ be- 
tween neutrino and pion is then given by® 


W(p,6) dpdcos 6 
= (1 p’ E~'(1+xcos 


x x*[f)(p)P U(p,8)dpdcosé , (5) 


where 
(m,,-E)g 
6)= sin? 6 = cos of () 
K 


m 


x= y= 
(m,-E) (m,.-E) 


Thus, without using the “divergenceless” hypo- 
thesis, we obtain for U just sin*é@ plus an un- 
known positive correction function, asymmetric 
about @= 90°. If we made a “reasonable” guess 
on the behavior of gv/ty, we would expect: 

(a) For low p, x~0, so that the second term 
in U would dominate and U would become con- 
stant in 6. 

(b) For high p, we have y*/x*~0.24 so that 
we would expect the unknown correction term to 
be somewhat less important than the sin*é@ term. 

(c) Since there is no reason to assume gy 
and fy are the same for the K,,° and Ky,* de- 
cays, the decay rate, spectrum shape, and an- 
gular correlations would be different in the two 
cases. 

Now, let us suppose that the hypothesis (3) 
holds. Then from (4) we see that 


“Py 


This leads to a unique formula for the angular 
correlation; inserting (7) in (6) we obtain 


U(p,@) =sin? 6 +( 2a)’ (x +cos (8) 


This just reverses all our former expectations; 
we now make the following predictions: 

(a’) For low p, the (1/x*) singularity has dis- 
appeared and we get 


U(0, 6) = sin? 6 + 0.087 cos? 6, (9) 


so that the sin*@ term is dominant (see Fig. 1). 
(b’) The ratio gy/fy becomes large at high 


p, and at p na’ 
U@ ax’ #)= sin? 6 +5.15 (0.90+cos 6, (10) 
so that the correction term is dominant (see 


Fig. 1). 
(c’) Since (7) hold for both K.,,,° and K,.*, 


\ @) 
: \ 
\ 
’ 
u(0,@) \ 
\ 
OG 
(V) (A) 
fore 
a =0. 
26 


VoLuME 1, NUMBER | 


PHYSICAL REVIEW LETTERS 


Jury 1, 1958 


the angular correlations should be the same for 
both decay types at any given p. Of course, the 
spectra and total decay rates may still be en- 
tirely different. 

It may be noted that (8) holds for K,, decays 
if we replace my, in y by me. This has the effect 
of eliminating the second term in U at all but the 
highest (i.e., within a few tenths Mev of Emax) 
pion energies. The K,, mode may serve as a 
test of our assumption about the type of coupling, 
but not of the “divergenceless” assumption (3). 

Experiments to check (8) in Ky, decay should 
be possible; perhaps the most favorable case 
would be for stopped K* in heavy liquid bubble 
chambers. If (8) turns out to be incorrect, this 
will mean that neither J yw” hor yA) are di- 
vergenceless although, of course, they may be 
approximately so. If (8) is verified, this will be 
a striking confirmation of the Feynman-Gell- 
Mann idea. Furthermore, if we call the hyperon 
parity positive, in the “global” limit there is a 
vector, but not an axial vector, strangeness non- 
conserving current; verification of (8) would 
then perhaps be an indication that the global ap- 
proximation is not too bad, and that the K par- 
ticle is pseudoscalar relative to hyperons. Of 
course, even if (3) held exactly there would still 
be a renormalization of the coupling constants 
for leptonic hyperon decay, proportional to the 
hyperon-nucleon mass differences. 


*This work has been supported in part by the 
U. S. Atomic Energy Commission. 


*E. C. G. Sudarshan and R. E. Marshak, Pro- 
ceedings of the Padua-Venice Conference, Sep- 
tember, 1957 (unpublished), and Phys. Rev. 109, 
1860 (1958); cf. also R. P. Feynman and M. 
Gell-Mann, [Phys. Rev. 109, 193 (1958)] who 
essentially make the same hypothesis that only 
the positive chiral states of the Dirac particle 
fields are coupled in weak interactions. 

*R. P. Feynman and M. Gell-Mann, reference 
1; see also S. S. Gerstein and J. B. Zeldovich, 
Zhur. Eksptl. i Teoret. Fiz. U.S.S.R. 29, 698 
(1955) (translation: Soviet Phys. JETP 2, 576 
(1956) 

°M. Gell-Mann (to be published). 

*M. L. Goldberger and S. B. Treiman (private 
communication). 

5Our formula (except for a change of sign in- 
side the brackets for U) is identical with that of 
A. Pais and S. B. Treiman [Phys. Rev. 105, 1616 
(1957)]. 


ELASTIC SCATTERING OF ANTIPROTONS ON 
CARBON AT 30 TO 200 Mev, 


Lewis E. Agnew, Jr., Tom Elioff, William B. 
Fowler, Louis Gilly, Richard Lander, Larry 
Oswald, Wilson M. Powell, Emilio Segre, 
Herbert M. Steiner, Howard S. White, Clyde 
Wiegand, and Tom Ypsilantis 
Radiation Laboratory, University of California, 
Berkeley, California 
(Received May 26, 1958) 


In a previous letter we have reported prelim- 
inary results of measurements of the antiproton- 
proton elastic-scattering cross section at energ- 
ies ranging from 30 to 200 Mev (lab).' The anti- 
proton interactions were observed in a 30-inch- 
long liquid propane bubble chamber. Further 
measurements have yielded information on the 
antiproton-carbon scattering cross section for 
scattering angles of 5° (lab) or more. A typical 


p-C scattering event is shown in Fig. 1. 


FIG. 1. p-C scattering. The antiproton (den- 
ser track) enters from the top and left of center. 
At an energy of ~65 Mev, the antiproton scatters 
28° to its left and continues for 7.9 cm to the 
lower center of the picture, where it annihilates 
within a carbon nucleus. The visible products 
of the annihilation are three 7~ and two m+ 
mesons. 
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We have seen a total of 70 antiproton-carbon 
scattering events in a total antiproton path 
length of 179 meters of liquid propane (density 
=0.42 g/cm’). In order to get an estimate of the 
true number of scattering events, we have multi- 
plied the observed number by a correction factor 
to compensate for scanning inefficiency. This 
correction factor, which has been determined 
empirically, is about 1.7 at a scattering angle 
of 5°, 1.2 at 10°, and 1.1 at 20°. Scattering events 
at less than 5° were excluded because the scan- 
ning inefficiency becomes very large for these 
small angles. Although we cannot distinguish 
p-C scatterings from p-p scatterings for angles 
less than 7.5° because the energy of the recoil 
proton in p-p scattering becomes too small to 
make a visible track, the contribution from p-p 
scattering to our measured p-C scattering in 
the region 5° to 7.5° is negligible. 

In Fig. 2 we show the corrected p-C elastic 
scattering cross section as a function of anti- 
proton energy. The p-C cross sections reported 
by Dickson and Salter”’* are also shown for com- 
parison. 


E (Mev) 


FIG. 2. Elastic scattering cross sections: 

x for p-C as a function of antiproton energy 
(for 25°); 

A for p-C, as a function of proton energy 
(for 25°). 
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The differential scattering cross section per 
unit solid angle as a function of scattering angle 
is shown in Fig. 3. Here we make no attempt to 
group the events according to scattering energy 
because of the limited number of events; conse- 
quently, this differential cross section repre- 
sents an average over antiproton energies rang- 
ing from 30 to 200 Mev. The average total elas- 
tic p-C cross section in this energy range is 
290 mb. 


da/dQ ( mb / sterad ) 


(degrees) 


FIG. 3. Differential scattering cross section 
as a function of 6). 

------- p-C scattering (200>E5 230 Mev) 
(observed histogram); 

scattering (histogram corrected 
for scanning inefficiency); 

optical model calculation (E5 
140 Mev) by Bjorklund and Fernbach; 

- - - -p*-C scattering (E, +=135 Mev) by 
Dickson and Salter. 


In Fig. 3 we have also plotted the results of an 
optical-model calculation by Bjorklund and Fern- 
bach for 140-Mev antiprotons on carbon.‘ The 
proton-carbon scattering measurements by Dick- 
son and Salter? at 135 Mev are also shown. The 
optical-model potential used by Bjorklund and 
Fernbach is 
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where 
p(r) ={1+exp [ (r-R,)/a Vopr =-15 Mev, 
Vc1=65 Mev, Vgr=3.3 Mev, 
Vgi=1.8 Mev, 
R,=1.25A!/3 x 10cm. 


The values of the well-depth parameters were 
derived from the phase shifts obtained from the 
Ball-Chew‘ model for nucleon-antinucleon scatt- 
ering;® Coulomb effects are also included. The 
connection between the Ball-Chew phase shifts 
and the potentials was obtained by Chew and 
Watson following a method of Riesenfeld and 
Watson.® From Fig. 3 one can observe (outside 
the Coulomb region) the large forward scatter - 
ing that is present in the p-C case and absent in 
the p-C scattering. This is interpreted as the 
diffraction scattering corresponding to the large 
total cross section of the antiprotons, and is re- 
lated to the large value of Vc] for antiprotons in 
the optical model. As a comparison, if one 
makes a black-disk calculation, taking the rad- 
ius of the disk as (0gbs/z)'/? and the absorption 
cross section as approximately 500 mb, the first 
minimum occurs at @~22°, in agreement with the 
optical-model calculation. 

In conclusion, we remark that the high ratio of 
the total antiproton cross section to the total 
proton cross section that has been observed at 
higher energies on several elements also extends 
to the lower energies considered here. These re- 
sults and also details of the antiproton annihila- 
tion process in carbon will be presented ina 
later paper, as soon as the analysis of all events 
is completed. 

We wish to thank Dr. F. Bjorklund and Dr. S. 
Fernbach for communicating to us their unpub- 
lished results, and Dr. G. Chew and Dr. K. Wat- 
son for instructive discussions. 


1Angnew, Elioff, Fowler, Gilly, Lander, 
Oswald, Powell, Segre, White, Wiegand, and 
Ypsilantis, University of California Radiation 
Laboratory Report UCRL-8231 (unpublished) 
and Phys. Rev. 110, 994 (1958). 
2J. M. Dickson and D. C. Salter, Nuovo 
cimento 6, 235 (1957). 
3J.M. Dickson (private communication). 
*F, Bjorklund and S. Fernbach (private com- 
munication). 
*J. Ball and G. Chew, Phys. Rev. 109, 1385 
(1958). 
°W. B. Riesenfeld and K. M. Watson, Phys. 
Rev. 102, 1157 (1956). 


ANGULAR DISTRIBUTIONS OF TRITONS FROM 
THE C**(d, REACTION* 


W. E. Moore, J. N. McGruer, and 
A. I. Hamburger 
University of Pittsburgh, 
Pittsburgh, Pennsylvania 
(Received June 2, 1958) 


The reactions leading from the C“ ground 
state to the ground state and first three excited 
states of C'S have been studied using 14.8-Mev 
incident deuterons. Outgoing particles were 
magnetically analyzed and were detected by a 
CsI (Tl) crystal. The resulting pulses were 
sorted by a six-channel pulse-height analyzer. 
The targets were prepared by depositing carbon 
(enriched to 29% in C™*) on gold foil by the meth- 
od described by Douglas et al.’ Positive identi- 
fication of the levels was made by substitution of 
a natural carbon target prepared in the same 
manner, and also by observation of the variation 
of recoil energy as a function of scattering angle. 

The spins and parities of the low-lying states 
of C** are well known’ and are listed in Table I, 
along with £,, the orbital angular momentum 
transferred by the picked-up neutron. 6? isa 
dimensionless quantity which is the ratio of the 
reduced width to the Wigner limit 3h?/2Ma? where 
M is the nuclear mass and a is the reaction 
radius. 


Table I. Properties of low-lying states of C'S. 


Level o(6) ond 
(Mev) f,  mb/sterad ®@jeyel? 
O(gnd) 1/27 1 50 1 
3.08 1/2+ 0 2.6 35 
3.68 3/2- 1 19.3 2.0 
3.86 5/a+ 2 1.7 5.4 


Angular distributions of the tritons leading to 
all four levels listed in Table I have been ob- 
tained. The experimentally observed distribu- 
tions have been compared with those predicted 
by the theory of Butler® and the results are 
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shown in Fig. 1. 

Baranger and Meshkov' have observed that a 
determination of the ratios of the stripping re- 
duced widths of the levels of C’* can yield infor- 
mation concerning the ground state wave func- 
tion of C’*. Accordingly, these reduced-width 
ratios have been calculated using those Butler 
curves yielding the best fits to the experimental 
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FIG. 1. Angular distributions of tritons from 
the low-lying states of C’*. The parameters r, 
and | are the standard parameters of the Butler 
theory. 


data and are listed in Table I, along with the ab- 
solute cross sections for each of the levels ob- 
served. The absolute cross sections are calcu- 
lated by comparison with the values given by 
McGruer et for C¥(d,p)C’*, which are un- 
certain to +50%. However, since all of the data 
were obtained using the same target, relative 
cross sections are less uncertain. 


“Work done in the Sarah Mellon Scaife Radia- 
tion Laboratory and assisted by the joint program 
of the Office of Naval Research and the U. S. 
Atomic Energy Commission. 


‘Douglas, Gasten, and Mukerji, Can. J. Phys. 
34, 1097 (1956). 
~~ 2F, Ajzenberg and T. Lauritsen, Revs. Mod- 
ern Phys. 27, 77 (1955). 

5§. T. Butler and E. E. Salpeter, Phys. Rev. 
88, 133 (1952). 


30 


“E. Baranger and S. Meshkov, following Let- 
ter (Phys. Rev. Lett. 1 30, (1958)). 

5J. N. McGruer, E. K. Warburton and R. S. 
Bender, Phys. Rev. 100, 235 (1955). 


CONFIGURATION MIXING IN THE C** 
GROUND STATE * 


Elizabeth Baranger and Sydney Meshkov 
University of Pittsburgh, 
Pittsburgh, Pennsylvania. 

(Received June 2, 1958). 


We wish to present an analysis of recent 
c**(d, t) experiments! which indicates that 
there is considerable configuration mixing in the 
C'* ground state. With a rather arbitrary choice of 
the and ground state wave functions, 
there seems to be enough mixing to produce the 
required cancellation of the C** to N"* beta -decay 
matrix element, without invoking any tensor 
force’. 

The levels of C® with which we are concerned 
are the $+ level at 3.08 Mev and the $+ level 
at 3.86 Mev which belong to the (i1s)*(ip)*2s and 
(1s)*(1p)*1d configurations respectively,* as well 
as the 3 - ground state which arises from the 
(1s)*(1p)® configuration. As shown in the pre- 
ceding paper, ' the C'*(d,t)C** angular distribu- 
tions to the ground state, the 3.08-Mev level and 
the 3.86-Mev level can be fitted with f, equal 
to 1, 0, and 2 respectively. Inasmuch as the 
c*4(d, t)C’* reaction proceeds via a pickup mech- 
anism, the 0+C™ ground state must contain ad- 
mixtures of and (1s)*(Ip)*(id? to the 
usual (1s)*(ip)*® configuration. 

In order to make a numerical estimate of the 
amount of admixture, we make use of the exper- 
imentally determined reduced widths, 67. We take 
as the C’* wave function 


¥ (J =0, T=1)=aVy [ (1s)*(lp)"] + 
+ (1) 
It can be shown that 
67=2? 6,9? No (2) 


where 6, 9’ is the single -particle reduced width, 
a quantity dependent on the ¢ of the picked-up 
neutron; 2=a,8, ory for the ground state, 3.08-, 
or 3.86-Mev levels respectively; Np is a number 
dependent on the coupling modes and can be eval- 
uated by the methods of Auerbach and French*’® 
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and of Lane.® 
The C’*(d, t)C’® experiments give us the ratios 


6 6 Ng 
9x08 Ng 


5.4= ’ 
Y Ny 


from which we can obtain 8?/a? and ya’. 

We use values of @, 9’ obtained from analysis 
of various (d, p) and (p, d) experiments. The 
90, ¢° are not very well established experiment- 
ally, and introduce considerable uncertainty in 
our estimate of the amount of configuration mix- 
ing. The best known of these is@,,,” which 
ranges from 0.045 to 0.060.” There are publish - 
ed values of 6,,” ranging from 0.17 to 0.32 and 
of 6,,” ranging from 0.06 to 0.14. We choose the 
values =0.055, and 6, ,°=0.11. The 
0.32 and 0.11 values are based on Fairbairn’s 
analysis® of the O'*(d, p)O’” experiments of Burge 
et al.,° and are also the ones used by Halbert 
and French.’° They also seem to be in reason- 
able agreement with unpublished calculations by 
E. Baranger for the C(d, p)C’* reaction which 
give 6, ,°=0.28 and 6,.,*=0.12. 

In addition to choosing 6,_ £ we must also in - 
sert into (3) the values of Ny? N p» and Ny which 
depend explicitly on a pricise specification of the 
CS and C™ wave functions. In order to arrive at 
a first estimate of the configuration mixing we 
arbitrarily make the following assumptions. We 
let the C” ground state act as a core for the 2s 
and 1d particles in both C* and C, inasmuch as 
the C” core is a strongly bound system with 
weak coupling to outside particles.’ This means 
that for C'* we should treat the (1s)*(ip) °(2s)? and 
(1s)*(1p)*(id)? configurations as (2s)* and (id)*with 
the coupling scheme that of intermediate coupl- 
ing. For simplicity we treat these configurations 
in the LS limit, giving Ng =2 and N,, =1.2. 

For the (1s)*(1p)*® configuration we assume in- 
termediate coupling with an (a/K) =5, where a 
is the p-shell spin-orbit parameter and K is ‘the 
p-shell exchange integral. The calculations of 
Auerbach and French’® then give Nq=1.8. 

Using our arbitrary choice of wave functions, 
8o,¢° and the experimental 6’, we obtain 


/a?=0.0044; &/a? =0.14. (4) 


It should be emphasized that these are very 
crude numbers which may vary by a factor of 


two with more careful experimental and theoret- 
ical work. 

The C to N"* beta-decay matrix element ” 
in our coupling scheme is 


| =6 |aa[C,C,+C,C,/V3 ]+bB+cy |? (5) 
where we have taken the wave function of the 
N** ground state to be 
¥(J=1, T=0)=a¥, [ (1s)* 


+c¥,[ (6). 
We have taken 
P, (7) 


and 
Gat” 8, * P, D, . (8) 


We have not included any contribution in (6) 
from the (2s,1d) configuration, in agreement 
with the findings of Standing,’* who failed to ob- 
serve any excitation of the 3+ 2.37-Mev level 
in N** from the reaction N"*(p, d) N°. He puts an 
upper limit of 0.03 on the probability of admix- 
ture of the (2s, ld) configuration in the wave 
function. He also puts an upper limit of 0.01 on 
the ratio b*/a?. In view of the value &/a?=0.0044 
obtained in (4), we neglect the term bf in (5). 

The work of Auerbach and French,‘ who use a 
Rosenfeld central force mixture together with a 
spin-orbit interaction and no tensor force, gives 
C,=0.73, C,=0.69, C,=0.19, C,=0.27, C,=-0.95, 
for (a/K) =5. 

Setting (5) equal to zero, and inserting the 
above values for the C’s, we obtain 


0 = |0.24aa +cy!l. (9) 


Inasmuch as there is no adequate experiment - 
al data on the ratio c?/a?, we arbitrarily assume 
c =y and a =a with signs such that cancellation is 
produced. It is hoped that information about c?/a? 
will be forthcoming from N"(d, experiments 
now underway at this laboratory. 

The above assumptions yield 77/a7+0.24, a 
number which, considering the arbitrariness of 
our wave functions, the uncertainty in the values 
of 6, fs and the error in the determination of the 
6? ratios from the C'“(d, t)C’* experiments, is in 
fair agreement with the value 77/a?= 0.14 obtain- 
ed from our analysis of the pickup experiments. 

Our analysis clearly shows configuration mix- 
ing and suggests that this is the source of the 
vanishing of the to beta-decay matrix 
element. A cancellation produced in this way 
suggests that one can describe the properties 
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of the mass 14 triad using only central and 
spin-orbit interactions, without invoking any 
tensor force. 


*Work done in the Sarah Mellon Scaife Radiat - 
ion Laboratory and assisted by the joint program 


of the Office of Naval Research and the U.S. Atom- 


ic Energy Commission. 


*Moore, McGruer, and Hamburger, preceding 
Letter (Phys. Rev. Lett, 1, 29 (1958)). 

*D. R. Inglis, Revs. Modern Phys. 25, 390 
(1953). 

°A. M. Lane, Proc. Phys. Soc. (London) A66, 
977 (1953). 

*T. Auerbach and J. B. French, Atomic Energy 
Commission Report NYO-3711, February 1, 
1955 (unpublished). 

°T. Auerbach and J. B. French, Phys. Rev. 98, 
1276 (1955). 

®A. M. Lane, Atomic Energy Research Estab- 
lishment, Harwell Report T/R-1278 (unpublished) 

"J. B. French (private communication). 

®°W.M. Fairbairn, Proc. Phys. Soc. (London) 
A67, 564 (1954). 

*Burge, Burrows, Gibson, and Rotblat, Proc. 
Phys. Soc. (London) A210, 534 (1951). 

°F. C. Halbert and J. B. French, Phys. Rev. 
105, 1563 (1957). 

“A.M. Lane, Proc. Phys. Soc. (London) A68, 
197 (1955). 

Note the positive sign for the factor 1/V3 in 
Eq. (5), a sign consistent with the phases of the 
fractional parentage coefficients of H. A. Jahn 
and H. Van Wieringen, Proc. Roy. Soc. (London) 
A209, 502 (1951). 

SK. G. Standing, Phys. Rev. 101, 152 (1956). 


NEUTRONS OF POSSIBLE 
THERMONUCLEAR ORIGIN* 


W. C. Elmore,! E. M. Little, and W. E. Quinn 
Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 
(Received May 12, 1958) 


Published accounts of experiments designed 
to achieve plasma temperatures of thermonucle- 
ar interest have so far made use of the pinch ef- 
fect. We have succeeded in producing neutrons 
from a deuterium plasma compressed by a ris- 
ing axial magnetic field. 

Our device, named Scylla, at present em- 
ploys three single-turn coils having the configu- 
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ration shown in Fig. 1. The coils, suitably in- 
sulated, surround a cylindrical ceramic tube 


FIG. 1. Section through coils and ceramic 
tube, with typical magnetic field lines suggested 
by the broken lines. The set of coils in subse- 
quent designs have been made from a single 
piece of brass with a common outer radius for 
the middle and end portions. 


through which low-pressure deuterium gas slow- 
ly flows. The coils are connected in parallel to 
a short parallel-plate transmission line leading 
to an oil-immersed junction connecting with 
eighty 10-ft lengths of RG-14/U coaxial cable. 
These cables in groups of eight lead to ten four- 
element triggered spark gaps’ each mounted on 
a low-inductance 0.88-yf capacitor of 100-kv 
rating.? The inductance of the coils is 0.034 wh 
and of the source 0.038 wh, so that 47% of the 
capacitor voltage appears initially across the 
coil terminals. 

With the capacitors charged to 70 kv and with 
no gas present, a circumferential electric field 
of 1.6 kv/cm exists initially at the tube wall near 
each end coil. One quarter period (1.25 ysec) 
later this field has decreased to zero and the 
central axial magnetic field has risen to about 
58 kilogauss. 

With gas present, the initial electric field, 
aided by rf pre-excitation, promptly breaks 
down the gas and the resulting plasma current 
sheath is repelled by the current in the coils. 
The strong shock waves initiated by this mecha- 
nism® pass through the central region in about 
0.1 usec, ionizing the gas there, and heating the 
plasma. During the first compression cycle the 
gas is further heated by reversible adiabatic 
compression by the rising axial magnetic field 
and by irreversible joule heating. In Scylla the 
temperature reached at the first peak compres- 
sion appears insufficient for the D-D reaction to 
occur. 
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The escape of particles during the first and 
subsequent compressions is reduced because of 
the mirror properties of the axial magnetic field 
used.* Evidently scattering out of mirror con- 
finement into the mirror loss solid angle is 
heavily weighted toward the early low-tempera- 
ture stage of the compression (assuming no re- 
sidual neutral molecules remain), for it depends 
on multiple Rutherford scattering proportional 
to 1/W’, where W is the particle energy. Hence 
the degree of confinement is very much depend- 
ent on the temperature assumed for initial shock 
preheating. In planning the experiment, the 
magnetic field rise rate was chosen to give neg- 
ligible loss for a starting temperature of 10 ev 
and a starting density of 10 microns. The con- 
* finement in practice is undoubtedly greater than 
that indicated by the low average mirror ratio 
(ca 1.4) of the field, for during compression the 
magnetic field fails to penetrate the highly con- 
ductive plasma in the short time involved. 

We have observed the emission of both x-rays 
and neutrons from Scylla in bursts during the 


second and to a lesser extent later compressions. 


X-rays, when observed, occur during the begin- 
ning and the end of a compression cycle when 
the electric field is high. In contrast, neutrons 
occur only in symmetrical bursts lasting about 1 


usec centered on the instant of peak compression. 


Many of the x-rays, with a maximum energy of 
at least 200 kev, appear to originate at the tube 
walls about 13 cm from the midplane where a 
Pyrex tube used in earlier experiments was 
darkened as if by electron bombardment. Ener- 
getic x-rays occur only at relatively low gas 
pressures (below 50 microns), in contrast to 
neutrons which occur over a broad pressure 
range. The absence of rf pre-excitation greatly 
enhances x-ray yield and suppresses neutron 
yield. Impurities appear to have the same effect. 

Fig. 2 shows the pressure dependence of neu- 
tron yield with the capacitors charged to 70 kv. 
Ten to twenty observations were made at each 
pressure and a considerable variation in yield 
was noted, with the yield usually increasing aft- 
er several firings at about two-minute intervals. 
We attribute much of this variation to a cleaning- 
up process in the discharge tube. The five high- 
est yields at each pressure have been indicated. 
The neutron yield was measured with a silver 
counter that had been calibrated using D-D neu- 
trons from a Cockcroft-Walton accelerator. 

X-rays present only at low pressures appear 
to arise from electrons accelerated in orbits 
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FIG.2. Neutron yield as a function of initial 
deuterium pressure with capacitor bank charged 
to 70 kv. 


described by a single-particle model, * and then 
scattered out of mirror confinement. At higher 
pressures, collisions interfere with this run- 
away process and a cooperative model must be 
employed. Although at low pressures some run- 
away deuterons may account for part of the neu- 
tron yield, it appears likely from the contrast- 
ing behavior of x-rays and neutrons with regard 
to time of occurrence, pressure, rf pre-excita- 
tion and impurities that the majority of the neu- 
trons arise from D-D collisions in the plasma 
which must be considered as having undergone 
an adiabatic compression by the rising axial 
magnetic field. Additional evidence supporting 
this view comes from earlier experiments in 
which the center coil was absent and the two end 
coils were supplied with current from independ- 
ently timed capacitor banks. A small discre- 
pancy in timing drastically reduced the neutron 
yield, showing that plasma containment is of ut- 
most importance. The absence of neutrons dur- 
ing the first compression cycle suggests that the 
irreversible plasma heating during this cycle is 
needed to raise the starting temperature to a 
value such that a subsequent compression re- 
sults in neutron production. 

The authors are greatly indebted to Keith 
Boyer for suggesting the experiment and to 
James L. Tuck for formulating the rate require- 
ments. They are also indebted to Thomas M. 
Putnam and Hugh K. Jennings for aid in the de- 
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sign and construction of the various power sup- 
plies and control circuits. 


*Work performed under the auspices of the 
U. S. Atomic Energy Commission. 

TOn leave of absence from Swarthmore Col- 
lege, Swarthmore, Pennsylvania. 


‘Dike, Lier, Schofield, and Tuck (to be pub- 
lished). 

?Made to Los Alamos Scientific Laboratory 
specifications by Tobe Deutschmann Corpora- 
tion, Massachusetts. 

3A mechanism studied by J. W. Mather with 
larger-scale apparatus (private communication); 
also, A. C. Kolb, Phys. Rev. 107, 345, 1197 
(1957), and private communication. 

‘R. F. Post, Bull. Am. Phys. Soc. Ser. II, 3, 
196 (1958). 

The term mirror refers to the reflection 


and, with suitable geometry, axial confinement 
of moving charged particles by their reflection 
from a region of increasing axial magnetic field 
as a result of conservation of canonical angular 
momentum and energy. The loss solid angle for 
particles moving in helical paths along magnetic 
lines is found to be 2m [1 - (1 - 1/R)2] where the 
mirror ratio R is the ratio of field intensity at 
the mirror to that within the region of confine- 
ment. The basic equations underlying mirror 
reflection are given by R. F. Post, Revs. Mod- 
ern Phys. 28, 338, (1956). 


See also Ia. P. Terletskii, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 32, 927 (1957) (translation: 
Soviet Phys. JETP 5, 755 (1957) J. 

‘J. J. Thomson, Phil. Mag. 4, 1139 (1927). 
Also J. W. Brault, Los Alamos Scientific Labo- 
ratory Report LA-2080 (unpublished). 


CIRCULAR POLARIZATION OF A*’ INTERNAL 
BREMSTRAHLUNG * 


Lloyd G. Mann, John A. Miskel, and 
Stewart D. Bloom 
University of California Radiation Laboratory, 
Livermore, California 
(Received May 29, 1958) 


The current situation in beta decay is that it 
seems extremely likely that the beta interaction 


may be described in terms of a two-component 
theory, with lepton conservation, and with all 
coupling constants except(Cy, Cy’) and (Cg, Ca’) 
equal to zero. This situation must have tne con- 
sequence that the internal brehmstrahlung (IB) 
accompanying K capture should be almost total- 
ly and right circularly’ polarized (assuming left - 
handed helicity for the neutrino) at all energies 
substantially above the characteristic x-ray en- 
ergies:’* This can be easily seen from the for- 
mula‘ for this polarization: 


Pyg(k)=pyg(k) 


[Dog | +1Cg o>; |?) ( ICa |?+1Cy |?) 


where Pjg (k) is a function of photon energy 
within ~1% of unity for all energies of interest 
here. The meaning of all other symbols is stand- 
ard and may be found in reference 2 explicitly. ° 
It is easy to verify that the formula for IB 
polarization is essentially the same® as for the 
polarization of electrons emitted in beta decay, 
and so one may (for all practical purposes) 
equate the two kinds of experiments and regard 
them as of a single type. The prediction for this 
type of experiment is virtually 100% polarization 
whether or not the transition is mixed (both 
Fermi and Gamow-Teller matrix elements non- 
zero). But the result is sensitive to the possibil- 
ity (Cy |?/|Ca |?#0. Recently the IB polarization 
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of Ge” was measured by Bernardini and co - 
workers®, who found an effect of only 40% of 
full polarization. Our present result for A*” in- 
dicates full positive polarization to within 15%, 
confirming the surmise® that the Ge” result was 
very likely affected by source impurities and 
multiple scattering, and supporting the full val- 
idity of the two-component theory. 

The technique used here was basically the 
same as that introduced by Schopper’ and 
Boehm and Wapstra®. The IB photons were 
scattered off the inner surface of a 3 in. i.d. by 8 
in. long Armco iron cylinder, and detected ina 
13 in.x2 in. Nal(T1) crystal. A lead plug centered 
in the iron cylinder prevented the direct trans- 
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mission of y rays from the source to the crystal. 
The experiment was performed without a light 
pipe, but used a gain-normalization procedure 
of great sensitivity which adequately cancelled 
out effects due to field-dependent gain in the 
6655 photomultiplier. This technique as well as 
the method of calculation of the magnet polariza- 
tion-detection efficiency will be given in more 
detail when more extensive measurements of 
A*’ as well as some other K-capturing isotopes 
are completed. 

Because of the low transmission of our polar- 
izer (~10~*) and the small yield of IB [~10~ 
x(E/mc?)*] per decay, a strong source of extreme 
purity was needed. 

A‘’ appeared to be the most favorable case be- 
cause it is a pure electron-capture decay with a 
relatively high yield of IB(3 x 10 “per decay) 
and a half-life of 34 days. Also it can be made in 
very pure form with high specific activity. The 
Ca*° (n, a) A®’ reaction was used. A fused CaF, 
sample of 90 grams was sealed inside an alum- 
inum container and irradiated for 36 days in 
the fast neutron flux of the Materials Testing 
Reactor at Arco, Idaho. The A*” was removed 
from the crystal lattice by vacuum melting the 
the CaF,. Carrier argon was added ( ~0.5 mg) 
and the argon was passed over freshly deposited 
calcium to remove gaseous impurities. The 
argon was then absorbed at liquid nitrogen 
temperature onto activated charcoal contained 
in a Pyrex bulb of 0.3 cc. Approximately 1 
curie of A*’ was obtained, but only 0.05 curies 
were used in the experiments. 

Three runs were made, each consisting of 
approximately one hour for each field direction. 
The data was recorded in a 256 -channel pulse- 
height analyzer. Energy calibrations were made 
at the beginning and end of each run by means 
of a Cs**” source placed near the crystal. 


Table I. Experimental results. 


The results are shown in Table I. They show 
complete right circular polarization to within 

+ 15% and yield an upper limit of ~8% on the 
ratio The errors consist of a 
statistical part of ~3%, a calibration uncertain- 
ty of ~6%, and a Polarization sensitivity uncer- 
tainty of ~15%. It is believed that with anim - 
proved magnet design and a more intense source 
(an order of magnitude is easily achieved here) 
these errors can be substantially reduced. The 
improved experiment is now in progress with 
the hope that smaller limits can be put on 
iCy|?/|\C,|?, and also that P, can be measured 
as a function of energy. 

This experiment was first suggested to us in- 
dependently by Professor P. Morrison and Prof- 
essor R. J. Glauber. One of us (L.M.) would like 
to express his appreciation to Professor Glauber 
for valuable discussions during his visit to the 
Radiation Laboratory in the summer of 1957. 


1We adopt here the convention that right cir- 
cular (positive) polarization obtains with the 
spin of the photon parallel to its direction of 
motion, and left circular (negative) polarization 
with the two directions antiparallel. 

?P. C. Martin and R. J. Glauber, Phys. Rev. 
109, 1307 (1958). 

°R. E. Cutkosky, Phys. Rev. 107, 330 (1957). 

*Equation (6.2), reference 2. Please note that 
the definition of the sign in describing polariza- 
tion has been changed from reference 2 in order 
to conform to the convention adopted in refer- 
ence 1 of this paper. Also the derivation of Eq 
(6.2) already assumes the left-handed helicity 
of the neutrino. We are indebted to the authors 
(P.C.M. and R.J.B.) for clarification on these 
points. 

*Alder, Stech, and Winther, Phys. Rev. 107, 


Minutes 
per count 


Counts, 


150-556 kev 


P, 


60.00 
2 77.50 
77.00 


2 639 800 
3317 600 
3 359 900 


1.00 + 0.16 
0.91 + 0.15 
0.99 + 0.16 


2 563 500 
3 223 700 
3 257 300 


Average 


0.97 + 0.15 


4 W is the angle between the incident photon propagation vector and the electron spins. 


Run No. 
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728 (1957). 
*Bernardini, Brovetto, Debenedetti, and 
Ferroni, Nuovo Cimento 7, 419 (1958). 
"H. Schopper, Phil. Mag 2, 710 (1957). 
°F. Boehm and A. H. Wapstra, Phys. Rev. 106, 
1374 (1957). 3s 
*This work was performed under the auspices 
of the U.S. Atomic Energy Commission. 


PROTONIC =-DECAY WITH AN ASSOCIATED 
ELECTRON PAIR* 


A. G. Ekspong and S. Nilsson 
Institute of Physics, Uppsala, Sweden 
(Received April 7, 1958) 


In the protonic decay of the £*+ hyperon, a 
proton with unique momentum is emitted. The 
nature of the neutral particle in this two-body 
decay can be inferred indirectly from the known 
mass and half-integral spin of the © and the pro- 
ton momentum. The conclusion that it is a neu- 
tral pion seems to be safe. 

We have recently in a G5 emulsion stack ob- 
served a decay of a = hyperon into a proton and 
an associated electron pair. 

The stack was exposed at the Bevatron to the 
partly separated 300 Mev/c K~ beam. 

Information about the event is collected in 
Table I. 

The electrons were identified by grain-count- 
ing and multiple scattering measurements. In 


order to investigate the influence of noise and 
possible distortion, p§ was determined with bas- 
ic cells t= 25 pandt=50 yu Noise was elimi- 
nated between t - 2t, andt - 3t. Both second 
and third differences were used and no definite 
sign of distortion was found. The results from 
third differences were included in taking the 
average in order not to underestimate the in- 
fluence from possible distortion. The opening 
angle of the pair is 62.2° in the laboratory sys- 
tem, corresponding to 163° in the rest system of 
the 7°. The direction of the 7° lies almost in the 
plane of the pair. 

Assuming the hyperon to decay at rest the 
missing momentum is 84+18 Mev/c. If one as- 


sumes that one photon is emitted, as required 
by the Dalitz process’ 


+e +y, (1) 


then energy is not conserved because (My) - (Ep 
+ Ee, + Eg, + Ey)=27+3 Mev, where My is taken 
as 1189 Mev and E denotes total energy. Thus 
momentum and energy cannot be conserved by 
assuming only one photon. Another way of ex- 
pressing this is to say that if emission of one 
neutral particle is assumed, its rest mass ener- 
gy must be 73+12 Mev. 

It is important here to notice that the errors 
in the missing momentum of 84+18 Mev/c and 
the missing energy of 84+27 = 111+ 17 Mev are 
strongly correlated, both arising from the er- 


Table I. Results of the measurements on the decay D~p+e*+e7+ (gammas). 


Momentum 
at the decay 
point in Mev/c 


Kinetic 
energies 


Particle in Mev 


Space angle 
to the direct- 
ion of the 7° 
momentum 


Range 


in mm Remarks 


0+ 4 4) 0 


189+ 1 18.8 
77415 ») 17415 


e 44+ 6 >) 


44+ 6 


23.8° + 0.5° 


39.8° + 0.5° 


0. 89 = apparently at rest 


> originates from a 
3-prong K™ star 


1.686 
>4.20 


Comes to rest 


1 mm/plate in 4 
plates 


>3.06 In one plate 


a) The limits on the £* momentum have been deducted from the measured proton momentum and 
direction with respect to the hyperon track (space angle = 122°) and the known Pproton=189 Mev/c in 


the c.m. system of the hyperon. 
b) Corrected for possible distortion. 
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rors in the electron momenta. Thus, in spite of 
the large errors of the momenta of the electrons, 
the deviation 27+ 3 Mev (or mass 73+12 Mev) 
from the expected zero value is a real effect. 
The situation is more clearly brought out in Fig. 
1, where the allowed electron momenta, p, and 


1004 


0 T T 
0 50 100 


Py 
150 Mev/c 

FIG.1. The curve relates the two electron 
momenta, p, and p,, to be expected with the 
angles as in Table I and p, = 189 Mev/c had the 
process been 7°~e, +e,+ y. The point repre- 
sents the electron momenta measured. 


p,, Should fall on the curve, whereas the actual 
point is off'by a considerable amount. 

Various explanations of the event are listed 
in the following. 

(i) Decay in flight of the 5. The required 
momentum to balance energy and momentum as- 
suming process (1) is ps, = 125 Mev/c. The de- 
duced p;, = 0+4 Mev/c includes a +10° allow- 
ance for the uncertainity in the definition of the 
&* direction. This explanation is completely ex- 
cluded. 

(ii) Bremsstrahlung. The momentum of one 
of the electrons may have been as large as is 
required from Fig. 1 at the point of emission. 
There is a certain small probability that one of 
the electrons can have lost energy by brems- 
strahlung before it can be detected by our method 
of measurement. The probability is estimated 
to be 2x10~?. 

(iii) Radiative decay of the hyperon £+~p 
+7°+y, The normal proton range observed is ta- 
ken as strong evidence against such an explana- 
tion. 

(iv) Elastic scattering of one of the electrons 
in the first grain from an original opening angle 


of about 10°. The probability for a Coulomb 
scatter > 50° in 0.5 um is so small ( ~10~”) that 
we exclude this interpretation. 

(v) Decay of the 7° into four electrons. This 
is experimentally ruled out. Two slow and easily 
missed electrons would not improve the situa- 
tion. 

(vi) Decay of the 7° into e+ +e" +2 (or more) y. 
This could occur although 7°-~ 3y is forbidden. 
We expect the probability for this decay mode to 
be very small. An experimental investigation’ of 
the alternative mode of decay of the 7° showed 
that out of 25 events all were consistent with 7° 
~et+e7+y 

We are left with the two possible explanations 
(ii) and (vi), each of which assumes at least two 
photons besides the observed electron pair. In 
(vi) the two (or more) photons are assumed to 
arise in the decay of the 7°, whereas in (ii) one 
photon is created in the 7° decay and the other 
photon in a subsequent bremsstrahlung process. 
The occurrence of a Dalitz process is implicit 
in (ii). We must then take into consideration the 
observed large opening angle of the pair. The 
probability for observing an opening angle > 163° 
of a usual Dalitz pair’ is 2x10~*. The probabi- 
lity for bremsstrahlung is independent of this 
and must be multiplied by this figure to obtain 
the final probability (= 4x10) for the hypothesis 
that the event is a normal Dalitz process, where 
one of the electrons has suffered energy loss by 
bremsstrahlung. 

We believe the probability for (vi) to be 
smaller than the above combined probability. 

Our conclusions are: The observed normal 
range of the proton shows the event to be the 
usual two-body decay of the hyperon. The occur- 
rence of the electron pair at the decay point 
shows the decay of a 7° within very short time 
(< 2x107"* sec). We further conclude that at 
least two photons are necessary to conserve en- 
ergy and momentum. No really satisfactory in- 
terpretation can be given for the origin of the 
photons. The explanation of the event as involv- 
ing a Dalitz decay of the 7° followed by a brems- 
strahlung energy loss of one of the electrons 
seems to be least improbable. 

A similar event involving a D* decaying in 
flight-has been found at the University College, 
London, and is consistent with a normal Dalitz 
process.® 

We are greatly indebted to Professor Gerson 
Goldhaber for exposing and processing the stack 
and to Dr. E. J. Lofgren for his kind coopera- 


MeV/c 
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tion. We thank Professor M. A. Melvin for sti- 
mulating discussions. 


*This work is partly sponsored by the Air Re- 
search and Development Command through its 
European Office. 


*R. H. Dalitz, Proc. Phys. Soc. (London) A64, 
667 (1951); N. M. Kroll and W. Wada, Phys. 
Rev. 98, 1355 (1955). 

*Sargent, Cornelius, Rhinehart, Lederman, 
and Rogers, Phys. Rev. 98, 1349 (1955). 

SR. Stannard (private communication). 


PRECISE MEASUREMENTS OF MUON 
MAGNETIC MOMENTS BY 
“STROBOSCOPIC COINCIDENCES” * 


R. A. Lundy, J. C. Sens, R. A. Swanson, 
V. L. Telegdi, and D. D. Yovanovitch 
The Enrico Fermi Institute for Nuclear Studies, 
The University of Chicago, Chicago, Illinois 
(Received May 12, 1958). 


The recently proposed! technique of “strobos - 
copic coincidences” has been applied success - 
fully here to the measurement of the magnetic 
moments of positive and negative muons. These 
measurements were performed in magnetic 
fields of ~300 gauss and ~3700 gauss correspond - 
ing to muon precession frequencies, f yw? of 
about 4 Mc/sec and 48 Mc/sec, respectively. 
Only the experimental technique used at 48 
Mc/sec will be described in what follows, with 
reference to Fig. 1. 

This figure shows a section, perpendicular to 
the pole faces, through the gap of a large per- 
manent magnet. Two coils S, fed from storage 
batteries, enable one to vary the field by +1%. 
The muons, obtained from a 66-Mev “pion” beam 
by means of a Cu absorber (26 g/cm?) placed 
within the aperture of a collimator C, are incid- 
ent along the direction perpendicular to the 
field B, as indicated by an arrow. They are 
stopped in a target T of ~8 g/cm? thickness and 
roughly cubical shape. Both graphite and CHBr, 
were used as targets, the latter in a brass box 
of 0.1 g/cm* wall thickness. Four scintillation 
counters are used; the scintillators of these, in- 
dicated by the rectangles 1 through 4, are con- 
nected by long light-pipes to magnetically well- 
shielded photomultipliers. The entry of a muon 
is detected by a 123 coincidence, while the decay 
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FIG. 1. Experimental set up used in 48- 
Mc/sec experiments. 1,2,3,4: plastic scintil- 
lators; T: target; P: Proton resonance probe 
location; S: coils: C: lead collimator. B~3700 
gauss. Muon flux: 150/sec. 


electron may be identified by a 234 coincidence. 
The 123 combination is formed in a fast coincid- 
ence circuit. Its output pulse turns on a phase- 
stable oscillator which then rings for 6 psec at a 
frequency, fosc, of 48.63 Mc/sec. This train of 
rf pulses is fed to two twofold coincidence cir- 
cuits that respond to negative inputs only. We 
shall call these circuits “R” and “AR”; their 
second inputs consists of the pentode -limited 
output of counter 3, clipped to about three mu sec, 
but are delayed by different times. These de- 
lays are in general so chosen (on the basis of 
delay curves obtained with the target T removed) 
that a pulse from counter 3, physically simultan- 
eous with a pulse from counter 2, reaches “R” 


at the center of one of the early positive rf half - 
cycles and “AR” half a cycle later. Thus the out- 
put counting rate of “R” goes through a maximum 
(“resonance”) and that of “AR” through a mini - 
mum (“anti-resonance”) when fy =fosc. The out- 
puts of “R” and “AR” are fed, after clipping, to 
two additional coincidence circuits, “SR” and 
“SAR”, respectively, for futher selection. “SR” 
requires the combination R42, “SAR” the com- 
bination (AR)42. All five coincidence circuits 
are of the Garwin design,” but are followed by 
fast triggers® which are remarkably jitter-free. 
In the experiment, B was varied and monitor - 
ed through the frequency, fp, induced in a small 
proton resonance probe‘ reproducibly located 
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with respect to the target T. The ratio of “SR” 
and “SAR” coincidences was plotted vs the ratio 
fosc/fp; ; a typical plot, obtained in a CHBr, run, 
is shown in Fig. 2. Except for a slight difference 
between the mean value, <B(T)>, of the field over 
the target T, and its value, B(P), at the probe 
position P, the location of the maximum in Fig. 
2 gives directly f,, /fp. The following sources of 


T T T T T 


315 3.16 317 318 320 321 3.22 


fosc/fp 
Stroboscopic Coincidences * Positive Muons In Bromoform 
fosc = 48.63 Mc/sec 


FIG. 2. Stroboscopic coincidences obtained 
with y* with the setup of Fig. 1. Target: CHBr,. 
SR/SAR: see text. fog¢/fp = oscillator frequen- 
cy/proton resonance frequency. fosc = 48.63 
Mc/sec. 


error need to be considered: 

(a) Uniformity and stability of B: A careful 
survey of the relevant gap volume with a proton 
resonance probe showed a maximum deviation 
of 0.11%. B(P)/<B(T) > can be estimated with 
0.01% error. The stability was checked by meas - 
uring B(P) during runs and exceeded 0.01%. 

(b) Uncertainty in fp: This frequency could be 
determined, by beating against the fifth harmon- 
ic of a frequency meter’, with an error of less 
than 0.01% in a single measurement. 

(c) Stability of, and uncertainty in, fogc: The 
magnitude of fog-¢ was determined, at the be- 
ginning and at the end of each measurement at a 
given fp, by a beat technique similar to that of 
Coffin et al.° The mean value of fog¢ for a com- 
plete run could be determined to 0.01%, and 
deviations from this mean did not exceed 0.02%. 

(d) Uncertainties in “line shape” and curve 
fitting: The shape of the “resonance” curve such 
as fitted to the data in Fig. 1 was first carefully 
studied in low-field (300 gauss) experiments, and 


was found to agree quantitatively with theoretic- 
al predictions.’ The high-field data showed half- 
widths I exceeding the theoretical value of 0.3%. 
This effect was less marked in CHBr, (I ~0.6%) 
than in graphite’ (T'~1.0%), and is attributed to 
microscopic causes. Using a true resonance 
technique, Coffin et al* also found appreciable 
broadening in CHBr,. . The theoretical shape was 
hence fitted to the experimental points, leaving 
T as an adjustable parameter. The fitting error 
for each run is estimated to be <0.06 %. 

For positive muons, we obtain from three in- 
dependent runs with CHBr, targets, involving a 
total of 4.0 x10° positron counts, the following 
results: 


fy+/fp =3.1830+0.0011. (1) 


Using Crowe's® best estimate of the »* mass, 
+=(206.8620.11) Me, we compute from (1) 


+ =2(1.0015+0.0006), (2) 


which is to be compared with the theoretical 
value gy +the 2(1.0012) calculated® on the as - 
sumption that quantum electrodynamics is valid 
down to the distances involved’®. Conversely, 


accepting Sy 4th, we can compute m,+, and find 
myt+ = (206.81+0.08) me. (3) 


This value agrees withiCrowe’s best estimate 
and satisfies the inequality 


m+ > (206.77 0.03)me, (4) 


which is imposed by the results of Koslow et al" 
if one postulates that my+ =my-. 

Our results are, within the stated errors, in 
agreement with those recently obtained at Co- 
lumbia, ° although the latter slightly violate in- 
equality (4). 

To date, we have completed analogous meas- 
urements ony only in a 300-gauss setup (fosc¢ = 
3.945 Mc/sec). Thedata, obtained with a graphite 
target placed at the center of a Helmholtz coil 
but in circumstances otherwise similar to those 
described above, are plotted in Fig. 3. They 
yield 


fy-/fp =3.176 +0.013, (5) 


or 
=2(0.9993+0.0042), (6) 


where the 0.05% uncertainty in my- has been in- 
cluded, but Knight shift and Breit-Margenau 
corrections” have been omitted. The presenta- 
tion of these data is justified by the fact that the 
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*Research supported by a joint program of 
the office of Naval Research and the U.S. Atomic 
Energy Commission. 


3.00 3.05 30 35 320 325 
foac/ tp 
Stroboscopic Coincidences: Negative Muons In Graphite 3.945 Mc/sec 


FIG. 3. Stroboscopic coincidences obtained 
with u~ in a field of about 300 gauss. Target: 
graphite. SR/SAR: see text. fog-/fp = oscil- 
lator frequency/proton resonance frequency 
= 3.845 Mc/sec). 


only published* value of fy,- has an uncertainty 
of + 5%. 

We are greatly indebted to Professor M. 
Schein for the loan of a permanent magnet, and 
to Mr. M. Pyka for able assistance in data tak- 
ing. 

A full account of the novel technique, includ- 
ing many variants not mentioned here, is being 
prepared. 


lv. L. Telegdi, Rev. Sci. Instr. (to be pub - 
lished) 

*R. L. Garwin, Rev. Sci. Instr. 24, 618 (1953). 

SW. C. Davidon and R. B. Frank, Rev. Sci. 
Instr. 27, 15 (1956). 

*“Numar, ” manufactured by Nuclear Magnetics 
Corporation, Boston 16, Massachusetts. 

5U.S. Signal Corps, Model BC 221”AG. 

®Coffin, Garwin, Penman, Lederman, and 
Sachs, Phys. Rev. 109, 973 (1958). 

"The graphite sample used, though pile grade, 
was subsequently found to contain ferromagnetic 
impurities. 

*K. Crowe, Nuovo cimento 5, 541 (1957). 

°A. Petermann, Nuclear Phys. 5, 677 (1958); 

C. Sommerfeld, Phys, Rev. 107, 328 (1957). 
1°Compare the remarks of V.B. Berestetskii 
etal., J. Exptl. Theoret. Phys. U.S.S.R. 30, 788 

(1956) (translation: Soviet Phys. JETP 3, 761 
(1956) }. 

“Koslow, Fitch, and Rainwater, Phys. Rev. 
95, 291 (1954). 

“For the latter, see V. Hughes and V.L. Tel- 
egdi, Bull, Am. Phys. Soc. Ser II, 3, 229 (1958) 

%Garwin, Lederman, and Weinrich, Phys. 
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REST MASS OF THE NEUTRINO* 
J. J. Sakuraitt 


Laboratory of Nuclear Studies, 
Cornell University, Ithaca, New York 
(Received May 26, 1958) 


Although the rest mass of the neutrino has 
been measured to be small by experimental- 
ists»? and assumed to be zero by most theoreti- 
cians,* it seems worthwhile to examine the old 
problem of the neutrino mass in the light of re- 
cent advances in 8-decay physics. Firstly, we 
investigate the role played by the vanishing mass 
of the neutrino in the current theories of parity- 
nonconserving weak interactions. Secondly, we 
point out modifications necessary in estimating 
the neutrino mass from the shape of the 8 spec- 
trum when parity is not conserved. In particu- 
lar, we show that it is impossible to determine 
the neutrino mass from the energy difference 
between the H*®-He* mass difference and the 
extrapolated end-point energy in the 8 decay of 
H®, and that the recent results of Friedman and 
Smith* based on such a subtraction procedure 
throw no light on the neutrino mass. 

As is well known, the two-component theory 
of the neutrino as formulated by Salam,°* by 
Landau, *® and by Lee and Yang’ rests upon the 
hypothesis that the neutrino mass is strictly 
zero. Meanwhile, Case® has shown that the phy- 
sical consequences of the two-component theory 
are indistinguishable from those of a special 
case of the Majorana theory with a parity-non- 
conserving Hamiltonian, and has pointed out an 
interesting relation between the rate of double 8 
decay, the degree of parity nonconservation, and 
the mass of the neutrino. 

Recently, what we may call the universal VA 
theory has been proposed by several authors.*~"! 
The fundamental postulates of this theory (in _ 
various equivalent formulations) treat the neu- 
trino and the electron (as well as other fermions) 
on an equal footing irrespective of the mass of 
the fermion in question. Although the neutrino 
mass can vanish, it does not have to vanish, and 
the fact that 1+, appears in front of the neu- 
trino field has nothing to do with the vanishing 
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mass of the neutrino. 

From “elegance” considerations, a finite 
mass of the neutrino may seem somewhat dis- 
tasteful. However, as long as we have no an- 
swers to problems concerning the origin of lep- 
ton masses — e.g., the reason why the muon is 


207 times heavier than the electron—it may be 


worth keeping an open mind on the question of 
the neutrino mass. 

The spectrum of a parity-nonconserving 8 
decay under the assumption that the neutrino 
mass need not necessarily vanish is given by” 


P(E )dE ~p(E ){1 + 
ee e E (E 
ee 


af 2 
( +1C, | (-IC 


A= 


(1) 
-E +m) 
e Vv 
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A! +1C,"1*) 


The definitions of C; and Cj’ coincide with those 
of Lee and Yang."* 

In the “old” theory, *,** Cj # 0 and C;’ = 0 
meant an “even” coupling’® (the parity of the 
neutral particle emitted in 8* decay being the 
same as that of the e~ with the usual “conven- 
tion” that the proton and the neutron have the 
same intrinsic parity’’), and Cj = 0 and C;’ #0 
meant an “odd” coupling’® (the parity of the neu- 
tral particle in 8* decay being opposite to the e~ 
parity). Parity nonconservation implies that 
both “even” and “odd” couplings contribute, and 
in particular \ = 0 if Cj = + Cj’. 

The structure of the A term can be easily un- 
derstood by considering the transformation 


under which the free-field Lagrangian for the 
neutrino is invariant. In the “old” theory, the 
transformation (4) amounts to changing the in- 
trinsic parity of the neutrino; hence consequen- 
ces of an “odd” coupling can be obtained from 
those of the corresponding “even” coupling just 
by reversing the sign of m, (but leaving E, = 
Ee™max. - E, + m, unchanged).’® The parity- 
nonconserving universal VA theory (which leads 
to Cy = Cy’ = - Ca = - Cg’) is invariant under 
(4)."4 Hence a term odd in m, cannot possibly 
appear, which explains why A = 0. 

Recent “parity” experiments indicate Cj 
= + Cj’ for V and A (and C;=-C;’ for S and T if 
they contribute at all) to an accuracy of 10%. 
Then for a finite neutrino mass the deviation 


2 2 2 2 


(2) 


p{E.) = - E,+ + m m 2]? (3) 


from the straight-line Kurie plot arises solely 
from the statistical factor p(E,). Then from 
(3), we have 
E max. extr. -m , (5) 
e e v 

where zo°™- stands for the extrapolated 8 end 
point in the standard Kurie plot, as previously 
noted by Kofoed-Hansen.”° 

Recently Friedman and Smith* have obtained 
directly a value for the H°-He* mass difference. 
If we knew the true end-point energy E~™ax. 
for the H® decay, we could obtain the neutrino 
mass from the relation 


However, what we know accurately, and what is 
usually. tabulated™ as the “best” Q value, is the 
extrapolated end-point energy, and this is the 
value Friedman and Smith used in computing 
what they call the neutrino mass. Because of 
(5) and (6) no information on m, can be obtained 
from such a procedure. Rather their experi- 
ments may be used to check the relation 


extr. 


Thanks to parity nonconservation, from an 
accurate measurement of the shape of the 8 
spectrum near the end point we can now estimate 
a value of the neutrino mass free from the pre- 
viously encountered theoretical ambiguities. 
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For instance, the results of Hamilton, Alford, 
and Gross’ now imply that the neutrino mass is 
less than 200 ev whereas in the “old” days the 
same experimental data were used to set up an 
upper limit of 500 ev or 150 ev depending on 
whether we assumed an “even” or “odd” coup- 
ling. 

We hope that the present note will stimulate 
further investigations on measurements of the 
neutrino mass. 

The author is indebted to Dr. J. Hamilton for 
interesting discussions. 
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ABSTRACTS 


In this section are printed the abstracts of Articles that have 
been forwarded to The American Institute of Physics for publi- 
cation in THE PHYSICAL REVIEW. In quoting information 
obtained from this section before the appearance of the corre- 
sponding Article, reference should be made to “Physical Review 
(to be published)” rather than to this Journal. 


ERGODIC THEOREM IN QUANTUM MECHAN- 
ICS. P. Bocchieri and A. Loinger, Istituto Na- 
zionale di Fisica Nucleare, Sezione di Milano, 
Milano, Italy, and Istituto di Fisica dell’Univer- 
sita, Pavia, Italy (Received April 9, 1958). 


Landsberg and Farquhar have shown that von 
Neumann-Fierz’s approach to the quantum er- 
godic problem does not give any criterion of 
ergodicity. 

In this paper it is shown that von Neumann’s 
procedure of averaging on the macro-observers 
is sufficient by itself to “justify” at every time 
the use of the quantum microcanonical ensemble. 
It is thus proved that the time behavior of the 
system is completely irrelevant to the demon- 
stration of the ergodic theorems of von Neumann 
and of von Neumann-Fierz. It is concluded that 


the quantum ergodic problem must be attacked 


on entirely new lines. 


NEW VARIATIONAL PRINCIPLE FOR TRANS- 
PORT THEORY. J. Devooght, Faculte des 
Sciences Appliquees, Universite Libre de Bru- 
xelles, Belgique (Received December 31, 1957). 


' A general variational principle of Kahan, 
Rideau, and Roussopoulos is shown to be applic- 
able to problems of transport theory and in par- 
ticular to the solution of the Milne problem. The 
variational principle yields directly the flux at 
every point, not only at infinity, unlike the 
classical methods for asymptotic densities. 


MULTISPIN AXIS STRUCTURES FOR ANTI- 
FERROMAGNETS. W. L. Roth, General Elect- 
tric Research Laboratory, Schenectady, New 
York (Received April 9, 1958). 


Neutron diffraction intensities have been 
computed for antiferromagnetic spin arrange- 
ments in the rock salt type structure. If the 
spin directions in the unit cell form at relative 
angles other than 0° or 180°, the neutron scat- 
tering from powder specimens does not lead to 
a unique solution of the spin arrangement. A 


unique solution can be obtained from neutron 
scattering by a single-domain crystal. Neutron 
diffraction from crystals of nickel oxide shows 
that in all crystals examined, either the mag- 
netic moments were parallel to more than one 
direction in the crystal, or antiferromagnetic 
domains were present. The results can be quan- 
titatively accounted for by assuming that the 
crystal consisted of domains with a common 
magnetic axis. 


OXYGEN BAND IN MAGNESIUM OXIDE. Jiro 
Yamashita, Department of Physics, University 
of Illinois, Urbana, Illinois (Received April 7, 
1958). 

The approximation of tight binding is employed 
to determine the width and the depth of the oxygen 
band in MgO. A width of about 9 ev and a depth of 
about 7.6 ev are obtained. The agreement between 
theory and experiment seems to be fairly good. 


THE ELASTIC CONSTANTS OF SILVER AND 
GOLD. J. R. Neighbours and G. A. Alers, 
Scientific Laboratory, Ford Motor Company, 
Dearborn, Michigan (Received March 4, 1958). 
The three elastic constants C,,, 2(C,,-C,,), 
and 3(C,,+C,,+2C,,) have been directly measured 
for silver and gold in the temperature range be- 
tween 4.2° and 300°K. The various contributions 
to the values of the 0°K constants are analyzed 
in terms of a simple model which quite success- 
fully describes copper. It is concluded that 
such a model is unsatisfactory when applied to 
the heavier noble metals because these appear 
to have large noncentral forces contributing to 
their constants. Combined with pressure data, 
the present results show the elastic constants to 
be explicit functions of temperature. The Debye 
characteristic temperatures calculated from the 
0°K elastic constants are shown to be in substan- 
tial agreement with the results from calorimetry. 


PRESSURE DERIVATIVES OF THE ELASTIC 
CONSTANTS OF COPPER, SILVER, AND GOLD, 
TO 10000 BARS. W. B. Daniels and Charles S. 
Smith, Case Institute of Technology, Cleveland, 
Ohio (Received April 2, 1958). 


The pressure derivatives of the elastic con- 
stants of the homologous series of metals copper, 
silver and gold, have been measured over the 
pressure range from 0 to 10000 bars, using a 
modified ultrasonic pulse echo method. Means 
have been devised to measure the change of elas- 
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tic constant with pressure as directly as possible. 


The values found for the pressure derivatives of 
the elastic constants are as follows: 


Cu Ag Au 
dB,/dP 5.59 6.18 6.43 
dc/dP 2.35 2.31 1.79 
dc’ /dP 0.580 0.639 0.438 


The notation C = C,,, C’ = (C,, - C,,)/2 and Bg = 
(C,, + 2C,,)./3 has been used. The data for each 
metal, of the three elastic constants and their 
pressure derivatives, have been interpreted in 
terms of conventional theory. The theoretical 
contributions of long-range interactions have 
been subtracted off and the remainder attributed 
to short-range nearest neighbor interaction. The 
analysis indicates that these must be noncentral, 
many-body interactions in order to account for 
the shear constants and especially their pressure 
derivatives. The many-body character of the 
interactions is of rapidly increasing importance 
in the sequence, copper, silver and gold. 


MEISSNER EFFECT AND GAUGE INVARIANCE. 
G. Rickayzen, Department of Physics, Univer- 
sity of Illinois, Urbana, Illinois (Received April 
7, 1958). 

It is shown from a manifestly gauge-invariant 
Hamiltonian that the Meissner effect can follow 
from an energy-gap model of superconductivity. 
The superconductor is described by Froéhlich’s 
Hamiltonian and the superconducting properties 
at the absolute zero are determined by a method 
due to Bogoliubov. In the weak-coupling limit 
(Te <<@p) there is an energy gap which leads to 
a Meissner effect. The method of Bogoliubov is 
extended to apply at general temperatures and 
the current is calculated in the weak-coupling 
limit. The results are in essential agreement 
with those of Bardeen, Cooper, and Schrieffer. 


PIEZORESISTANCE IN HEAVILY DOPED n- 
TYPE GERMANIUM. Michael Pollak, West- 
inghouse Research Laboratories, Pittsburgh, 
Pennsylvania (Received April 11, 1958). 
Piezoresistance has been measured as a func- 
tion of temperature in n-type germanium speci- 
mens with donor concentrations between 6 x 10° 
cm~™ and 3x10'%cm™. The results obtained can 
be explained on the basis of the accepted multi- 
valley model, provided that statistical degene - 
racy is taken into account. An analysis of the 
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degeneracy observed in the data provides strong 
evidence for the four-ellipsoid model of the con- 
duction band. The data are consistent with the 
assumption that there is no appreciable depend - 
ence of the effective mass, deformation poten- 
tial constant, and mobility anisotropy factor on 
the Fermi level or impurity density. No piezo- 
resistance effect due to the (100) valleys is 
detected, showing that these valleys are at least 
0.11 ev above the minima of the (111) valleys. 


EFFECTIVE PARAMETERS IN FERRIMAG- 
NETIC RESONANCE. Roald K. Wangsness, 
U. S. Naval Ordnance Laboratory, White Oak, 
Maryland (Received April 10, 1958). 

The steady state solution for the susceptibil- 
ity tensor of a two-sublattice system has been 
found by using sublattice equations of motion 
which include complete Landau-Lifschitz relax - 
ation terms with individual relaxation parame - 
ters and which describe relaxation toward the 
instantaneous total field acting on the sublattice. 
It is shown that one can define effective para- 
meters, describing the behavior of the system 
as a whole, which remain finite throughout the 
compensation region and, in particular, insure 
that the absorption coefficient will remain posi- 
tive. It is also found that the effective gyro- 
magnetic ratios characterizing the absorption 
and Faraday effect are different in principle, 
and a new term is found in the expression for the 
off-diagonal element which is a consequence 
of both the sublattice structure and total field 
relaxation. In the case of small damping, many 
of these distinctions disappear and some para- 
meters reduce to those previously obtained. It 
is shown that the inclusion of total field relaxa- 
tion is necessary to obtain results which are 
unambiguous and correct in principle; the 
magnetization line width product is also shown 
to be continuous, but vanishing at the compensa- 
tion point for angular momentum. 


EFFECT OF ANISOTROPY ON THE TEMPERA- 
TURE DEPENDENCE OF ELASTIC CONSTANTS. 
Richard F. Greene, Westinghouse Research 
Laboratories, Pittsburgh, Pennsylvania 
(Received April 7, 1958). 


We suggest that an important part of the tem- 
perature dependence of the elastic constants of 
perfect crystals arises from the elastic anisotro- 
py itself without reference to the features of any 
model of the interaction between the atoms. The 
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intrinsic effect of the anisotropy is introduced 

via the local oscillatory rotations produced in a 
crystal by transverse acoustic vibrations. The 
elastic properties belonging to different direc- 
tions are thereby mixed, in proportion to the 
temperature. A linear temperature dependence 
of the elastic constants and a partial averaging- 
out of the anisotropy results. Application is made 
to the elastic constants of 8-brass. 


THEORY OF THE ANHARMONIC PROPERTIES 
OF SOLIDS. Edward A. Stern, * California 
Institute of Technology, Pasadena, California 
(Received March 4, 1958). 


A theory is presented in which the anharmonic 
properties of solids, such as thermal expansion, 
temperature dependence of elastic constants, 
dependence of elastic constants under stresses, 
and the deviation of the specific heat from the 
Dulong-Petit law at high temperatures, can be 
calculated. The theory is applied to sodium 
under the assumption of a special force interac- 
tion between nearest neighbors only. In the ap- 
proximation used, three parameters enter. The 
three parameters are obtained from experimen- 
tal measurements of the elastic constants near 
0°K, the temperature dependence of the com- 
pressibility, and the thermal expansion. Then 
the variation of the volume with pressure and 
the deviation of the specific heat from the 
Dulong-Petit law at high temperatures are calcu- 
lated. A satisfactory agreement with experi- 
ment is obtained. Another prediction of the 
theory, that the temperature derivative of the 
compressibility is proportional to the specific 
heat, also shows satisfactory agreement with 
the experimental measurements for sodium. 


*Now at the University of Maryland, College 
Park, Maryland. 


QUENCHED IMPERFECTIONS AND THE ELEC - 
TRICAL RESISTIVITY OF ALUMINUM AT LOW 
TEMPERATURES. Warren DeSorbo, General 
Electric Research Laboratory, Schenectady, 
New York (Received April 11, 1958; revised 
manuscript received May 16, 1958). 


The electrical resistivity of a high-purity al- 
uminum specimen, having different concentra- 
tions of “quenched-in” lattice defects, is report- 
ed for the temperature region 1-20°K. For 
small and different concentrations of structural 
impurities, the resistivity follows Matthiesen’s 
rule. The exponential constant, n, in the equa- 


tion p=p;+AT™, is equal to 2.7 for the sample 
in a well annealed state. This number increases 
slightly with an increase in defect concentration. 
BAND STRUCTURE AND INFRARED ABSORP- 
TION OF GRAPHITE. W. S. Boyle and P. Noz- 
ieres.” Bell Telephone Laboratories, Murray 
Hill, New Jersey (Received April 1, 1958). 

The infrared optical properties of graphite 
single crystals have been calculated from a 
model of the band structure developed by group 
theory. These calculations have been compared 
with measurements of the emissivity and reflec- 
tion coefficient of single crystals. At short 
wavelengths interband effects predominate; from 
the experimental results the maximum splitting 
of the 7 bands at a corner of the zone has been 
set at 0.56 electron volt. At longer wavelengths 
the intraband contributions become large, giving 
rise to plasma effects in the neighborhood of 25 
microns. This gives an approximate value of 
the band overlap lying between 0. 04 and 0.01 
electron volt. 


*Now at Laboratoire de Physique de 1’Ecole 
Normale Superieure, 24 rue Lhomond, Paris V, 
France. 


THEORY OF LINE NARROWING BY DOUBLE- 
FREQUENCY IRRADIATION. F. Bloch, Stan- 
ford University, Stanford, California (Received 
April 7, 1958). 


Starting from the general equation for the 
distribution matrix, magnetic resonance absorp- 
tion in crystals is treated by introducing the 
Fourier transform of the resonance line which 
is shown to have the convenient form of a simple 
trace. The method is first applied to rederive 
some earlier results of Van Vleck, concerning 
the moments of the line. It is then extended to 
include the case of the following experimental 
paper, where resonance absorption of one mag- 
netic ingredient is observed while another mag- 
netic ingredient is at the same time subjected to 
a strong resonant rf field. It is shown that the 
absorption line exhibits a center line and faint 
sidebands, and formulas for the intensity and 
shape of these lines are developed. In particu- 
lar, it is shown that the total second moment of 
the absorption is unaltered by irradiation of the 
other ingredient. A quantitative measure for 
the observed narrowing of the center line is 
found through the reduction of its second mo- 
ment, which is compensated by the contribution 
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of the sidebands to the total second moment. 


DOUBLE NUCLEAR MAGNETIC RESONANCE 
AND THE DIPOLE INTERACTION IN SOLIDS. 

L. R. Sarles* and R. M. Cotts, t Physics Depart- 
ment, Stanford University, Stanford, California 
(Received April 7, 1958). 

The nuclear magnetic dipole interactions ina 
polycrystalline sample of sodium fluoride have 
been investigated using an extension of the mag- 
netic resonance technique. The resonance ab-. 
sorption of Na** was observed with a variable 
frequency spectrometer in a fixed external mag- 
netic field, and the mean square width of the 
line shape computed. 

This width has two main sources: (a) the in- 
teraction of nuclei with other nuclei 
through the dipole fields of the magnetic mo- 
ments, and (b) the interaction of Na”* nuclei 
with neighboring F’® nuclei by the same mecha- 
nism. The application of a strong rf field satis- 
fying the resonance condition for F’* nuclei in 
the same external field caused rapid transitions 
between the fluorine Zeeman energy levels, and 
thus altered the average field produced at the 
position of sodium nuclei by the nuclear magne- 
tic moments of fluorine. By varying the strength 
of this rf field and also by varying the deviation 
from precise resonance of the F’® spins, one 
could selectively alter the contributions of this 
source of line broadening. 

The available rf field was not sufficiently in- 
tense to eliminate entirely the broadening caused 
by source (b). However, the detailed behavior 
of this contribution to the width as a function of 
the deviation from resonance agrees well with a 
theory of F. Bloch for the case of the rf field 
strong compared to the line widths involved. 


*Present address: Department of Physics, 
University of California, Berkeley, California. 

tPresent address: Department of Physics, 
Cornell University, Ithaca, New York. 


HYPERFINE STRUCTURE OF THE META- 
STABLE STATE OF SINGLY IONIZED HELIUM 
THREE. Robert Novick* and Eugene D. Com- 
mins, Columbia Radiation Laboratory, Colum- 
bia University, New York, New York (Received 
March 18, 1958). 

The hfs splitting Av of the metastable state of 
singly ionized helium three is determined by an 
ion beam method. The conventional inhomogene- 
ous molecular-beams A and B fields are re- 
placed by radio-frequency fields at 13350 Mc/ 
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sec. At this frequency transitions are prefer- 
entially induced between the F = 1 component of 
the 2781 state and the short-lived 2’P4 state. 
All those ions which have made the transition 
decay immediately to the ground state. Thus, 
as the beam passes through such a field, state 
selection is accomplished by selective quenching 
of the F = 1 metastable ions. Two types of de- 
tection have been used: photoelectric detection 
of the Lyman-alpha photons emitted in the sec- 
ond state selector, and metastable ion detection 
by the surface Auger effect. 

Eighty-six determinations of the hfs splitting 
have been made under a range of experimental 
conditions. The final result is Av = 1083.35499 
+ 0.00020 Mc/sec. This value is compared with 
the theoretical hfs splitting for a point nucleus, 
which includes the known electrodynamic, re- 
lativistic and reduced-mass corrections, and 
which may be computed precisely, since the 
atomic wave function of He** is hydrogenic and 
known exactly. The observed hfs splitting is 
smaller by 186 ppm than the theoretical value. 
This anomaly is attributed to the effects of fi- 
nite nuclear and nucleon size, higher order 
radiative effects, and possibly also to nuclear 
interaction currents. Estimates are made of 
some of these effects. 

The hfs splitting Av (1s) of the ground state 
of He** is estimated on the basis of the present 
result to be Av (1s) = 8665.628+ 0.013 Mc/sec. 

The experimental result is also compared 
with the experimentally determined hfs splitting 
of the 1s2s (*S,) state of the He® atom. The 
ratio of these two quantities yields a precise 
estimate of the electronic charge density at the 
nucleus of the 2°S, state of the He*® atom. 

Finally, the monoenergetic nature of the ion 
beam has allowed observation of a new molecu- 
lar beams resonance power sharpening effect. 


*Present address: Department of Physics, 
University of Illinois, Urbana, Illinois. 


PROTON ANGULAR DISTRIBUTIONS FROM 
Co™> 8(d, p) REACTIONS. A. J. Elwyn* and 

F. B. Shull, Wayman Crow Laboratory, Wash- 
ington University, St. Louis, Missouri (Received 
April 11, 1958). 


Targets enriched in Cr™® and Cr® were bom - 
barded with 10-Mev deuterons. Angular distri - 
butions were measured and Q values determined 
for four proton groups from Cr**(d, p) Cr®* and 
for six groups from Cr*(d,p)Cr™. For the form- 
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er reaction the Q values were 5.74, 5.17, 4.77, 
and 3.43 Mev. For the latter the Q values were 
7.55, 6.69, 6.24, 4.88, 4.36, and 3.76 Mev. All 
angular distributions were of type l)=1 except 
for Q=4.77 Mev in Cr™(d, p) for which ln=3. The 
latter group is interpreted as possibly a single - 
particle f,, state, and these data may therefore 
reveal the relative position of single-particle 
f,. and f,, levels. 


*Now at Brookhaven National Laboratory, 
Upton, New York. 


FURTHER RADIOCHEMICAL STUDIES OF THE 
HIGH -ENERGY FISSION PRODUCTS. P. C. 
Stevenson, H. G. Hicks, W. E. Nervik, and 

D. R. Nethaway, University of California Ra- 
diation Laboratory, Livermore, California (Re- 
ceived April 11, 1958). 

Formation cross sections of various U?** fiss- 
ion products have been measured as a function 
of bombarding -particle energy, using protons 
(10-340 Mev) and deuterons (20-190 Mev). The 
reactions 3pn) and Al?7(d, ap) 
were used as monitoring reactions to measure 
effective cyclotron beam intensity. Fission- 
product distribution curves and total fission 
cross sections have been measured. Above 50 
Mev bombarding energy, the fission-product dis- 
tribution is not symmetrical about a given mass 
number at a given bombardment energy. 


MULTILEVEL FORMULA FOR THE FISSION 
PROCESS. C. W. Reich and M. S. Moore, 
Atomic Energy Division, Phillips Petroleum 
Company, Idaho Falls, Idaho (Received April 2, 


1958). 
The dispersion theory formalism of Wigner 


and Eisenbud has been applied to the problem of 
interference between resonances in the slow 
neutron fission cross section. The development 
presented here assumes that the process in- 
volves one neutron channel and a large number 
of channels for the capture process. Although 
the treatment, for simplicity, assumes that 
only one fission channel is open, the relevant 
expressions for the fission cross section are 
presented in such a form that the generalization 
to any number of fission channels is readily 


apparent. Although no restriction as to the 


number of levels is necessary, the results are 
of practical use only when the number of 
assumed fission channels is small. Multilevel 


expressions for the radiative capture and 
scattering cross sections are also presented for 
one fission channel. The radiative capture cross 
section in the absence of fission is given and 
shown to differ formally from a sum of single- 
level Breit-Wigner terms. 


SPONTANEOUS FISSION FRAGMENT VELOCI- 
TY MEASUREMENTS AND COINCIDENT GAM- 
MA SPECTRA FOR Cf*”. J. C. D. Milton and 
J. S. Fraser, Chalk River Laboratories, Atomic 
Energy of Canada Limited, Chalk River, Ontar- — 
io, Canada (Received February 3, 1958). 


The velocities of both fission fragments from 
the spontaneous fission of Cf**? have been meas- 
ured simultaneously with the pulse-height spec- 
trum produced by the fission gamma rays ina 
large Nal (T1) crystal. The average total kinet- 
ic energy before neutron emission is found to be 
181.9 Mev with a full width at half maximum of 
17.5 Mev at the most probable mass ratio 1.33. 
The width has been corrected for neutron recoil 
and the average total kinetic energy for the ef- 
fect of the angular dispersion of the fragments 
by neutrons. The yield of gamma rays shows a 
pronounced dip in the region where one of the 
fragments is near the doubly magic nucleus 
Sn'**. There is a suggestion that the average 
gamma-ray energy is higher in this region. The 
correlation in number of gamma rays with total 
kinetic energy is very small and can be repre- 
sented by 


40.0011 


Y 


Mev". 


DECAY SCHEMES IN THE OSMIUM-IRIDIUM 
REGION. I. THE ISOMERS Os!*°™ (10 MIN) 
AND Os!®°™ (5.7 HR). G. Scharff-Goldhaber 
D. E. Alburger, G. Harbottle, and M. Mc - 
Keown, Brookhaven National Laboratory, 
Upton, New York (Received April 14, 1958). 


While the decay scheme of the even-even 
isomer Os!®°™ (10 min) has some similarity 
with that of the “rotational” isomer Hf!®° ™ it 
differs from the latter in that Os'®° lies in the 
transition region between the nuclei with rota- 
tional and those with the near -harmonic level 
schemes. It was previously believed that the 
lifetime - determining transition in Os!°™ was 
a 620-kev transition followed by three lower en- 
ergy gamma rays. We find, however, that the 
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isomeric transition is a previously overlooked 
38.4-kev M2 transition with an |M |?=2.6 «10° 
(‘‘K-forbidden’’). It is followed by four success- 
ive y rays. Internal conversion electron studies 
by means of an intermediate -image spectrometer 
yielded y-ray energies of 187+1 kev, 359+2 kev, 
50023 kev and 61433 kev. All four transitions are 
of electric quadrupole character, suggesting 
that the levels populated are 8+, 6+, 4+, 2+, 0+ 
(ground state). Delayed coincidence measure - 
ments by A. W. Sunyar show that the two lowest 
energy transitions of 359 and 187 kev take place 
between the levels 4+ 2+ and respect - 
ively, and it may be expected that also the two 
higher energy y rays follow each other in the 
order of decreasing energy. However, in con - 
trast to the level spacings in true rotational 
nuclei, the level energies are far from being 
proportional to I(I+1), and cannot even be repre - 
sented with the help of a correction term ~I?(I+1). 
The six-hour Os isomer which was discovered 
by T. C. Chu and assigned by him to Os!*™ was 
identified instead as Os'*°™, The half-life was 
found to be 5. 720.1 hour. The isomer decays by 
a 30. 0 -kev M3 transition to the ground state 
with |M |?=2.2.x10™. 


VALIDITY OF THE ODD-GROUP MODEL FOR 
HEAVY NUCLEI. Martin G. Redlich, Depart- 
ment of Physics, Massachusetts Institute of 
Technology, Cambridge, Massachusetts (Re- 
ceived February 24, 1958). 

A charge-independent zero-range central in- 
teraction between each pair of nucleons leads to 
a ground state with J= $ for the configuration 
(1h, ,,p)*(2g,/.n) of two protons (p) and one neu- 
tron (n). In an expansion of the wave function of 
this state, the odd-group model wave function, 
characterized by angular momentum J’ =0 for 
the two protons, has amplitude 0.97. This result 
suggests that the model may generally be more 
valid for heavy than for light nuclei. 


TWO-PARTICLE INTERACTIONS IN DEFORMED 
NUCLEI. Taro Tamura, Department of Physics, 
University of California, Los Angeles, Califor- 
nia (Received January 13, 1958). 

Effects of two-particle interactions in de- 
formed nuclei are considered. The deformed 
nucleus is assumed to be replaced by a set of 
particles in a cylindrically symmetric harmonic 
oscillator potential, while the two-particle in- 
teraction is assumed to be of 5-function type. 
Fairly extensive calculations are performed in 
diagonalizing the interaction energies which 
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arise between particles lying in degenerate lev- 
els in the above-mentioned potential. The 


characteristic energies and the explicit form of 


the eigenfunctions are tabulated. In particular 
it is noticed that the seniority number is a good 
quantum number for this sort of interaction. 
Several important features of the results are 
discussed including the matrix elements of the 
E2 transitions. 


ALTERNATIVE METHOD FOR DETERMINING 
THE PION-NUCLEON FORWARD SCATTERING 
AMPLITUDE. H. P. Noyes, Nuclear Physics 
Research Laboratory, University of Liverpool, 
Liverpool, England, and University of Califor- 
nia Radiation Laboratory, Livermore, Califor- 
nia (Received April 4, 1958). 

Since existing experiments fail to confirm the 
Goldberger form of the pion-nucleon dispersion 
relations, and no satisfactory theoretical or 
experimental explanation has been found, it is 
clearly desirable to increase the precision of 
this conclusion. It is shown that by extending 
the measurements of the 1*+ p differential 
elastic cross sections down to about 15°c.m., 
the real parts of the forward scattering ampli - 
tudes can be measured directly with precision 


comparable to that obtained for the cross sec- 
tions. This method depends on the assumption of 
charge independence only through explicitly 
givene*/hv corrections, and above 100 Mev is 
less sensitive to these corrections than the 


method of Puppi and Stanghellini. Comparison 
between the results obtained by the two meth- 
ods would give a useful test for the presence 
of systematic error. 


VARIATIONAL METHODS IN SCATTERING 
PROBLEMS. Mildred Moe* and David S. Saxon, 
University of California, Los Angeles, California 
(Received April 9, 1958). 


Modifications of the Hulthén -Kohn variational 
principle are introduced with the hope of increas- 
ing the usefulness of variational methods. Al- 
though no simple formulation of general utility is 
found, it is shown that there exists a great var- 
iety of stationary expressions which make poss- 
ible a greater freedom in the choice of variation- 
al principles than has hitherto been demonstrated. 
Some criteria for the selection of special forms 


are discussed. 
*Present address, The Ramo-Wooldridge Cor- 


poration, Los Angeles, California. Supported in 
part by the National Science Foundation. 
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